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֓ཁ
ۙ೥ɺεΩϧϛΦϯΛ༻͍ͨϨʔετϥοΫϝϞϦ͕஫໨͞Ε͍ͯΔɻ͜ͷϝϞϦ͸ߴ଱ੑٱɺهߴ࿥ີ౓ɺ௿
ফඅిྗ͕ظ଴͞ΕΔ͕ɺࡉੑ࣓ઢ্ͷϏοτҐஔʹ഑ஔͨ͠εΩϧϛΦϯΛҠಈͤͯ͞ಡΈॻ͖Λͨ͏ߦΊɺε
ΩϧϛΦϯͷਖ਼֬ͳҐஔ੍͕ޚඞཁͰ͋ΔɻઌڀݚߦͰ͸෺ཧతͳ੾Γ͚ܽ෦ʹΑΔҐஔ੍͕ޚఏҊ͞Ε͍ͯΔ
͕ɺ࡞੒͕ࠔ೉Ͱ͋Δͱͷ໰୊͕͋Δɻ
ຊڀݚͰ͸ɺεΩϧϛΦϯͷҐஔ੍ޚΛਖ਼֬ʹ͏ߦख๏Λ৽ͨʹ̎ͭఏҊ͠ɺϚΠΫϩϚάωςΟοΫγϛϡ
ϨʔγϣϯΛ༻͍ͯఏҊख๏ͷ༗ޮੑΛௐࠪͨ͠ɻ
഑ஔ͠ɺύϧεిʹޓҟํੑͷҟͳΔྖҬΛަؾ࣓ҟํੑͷมௐʹΑΔख๏Ͱ͋Δɻؾ࣓ॳͷఏҊख๏͸ɺ࠷
ྲྀʹΑͬͯҠಈͤͯ͞Ґஔ੍ޚΛ͏ߦɻγϛϡϨʔγϣϯ݁ՌΑΓɺϏοτҐஔۙ๣ͷεΩϧϛΦϯ͸ɺࣗಈతʹ
ϏοτҐஔʹҠಈ͢Δ͜ͱ͔ΒɺҠಈʹඞཁͳύϧεిྲྀͷߴਫ਼౓ͷ੍͕ޚඞཁͳ͍͜ͱ͕෼͔Γɺຊख๏ͷ༗ޮ
ੑΛࣔ͜͢ͱ͕Ͱ͖ͨɻ·ͨैདྷͷ࣓นܕϝϞϦʹର͠ಈ࡞ʹඞཁͳిྲྀີ౓Λ 33%௿ݮͰ͖Δ͜ͱΛͨࣔ͠ɻ
࣓քʹΑΔख๏Ͱ͋ΔɻϨʔετϥοΫͷ࣓ྲྀަ͍ͨ༺ͷఏҊख๏͸ɺΤϯθϧϑΟογϡϨʔετϥοΫΛ࣍
քΛҹՃͯ͠εΩϧϛΦϯΛҠಈͤ͞ΔɻγϛϡϨʔγϣ࣓ྲྀަʹ޲ঢ়ʹ௿Լͤ͞ɺ໘௚ํ࠯ܗ֯ࡾҟํੑΛؾ
ϯ݁ՌΑΓɺҐஔ੍ޚͷ༗ޮੑɺిྲྀͱಉఔ౓ͷҠಈ଎౓ɺަྲྀ࣓քͷҐ૬൓సʹΑΔҠಈํ޲ͷมԽΛͨࣔ͠ɻ
͞ΒʹεΩϧϛΦϯҠಈͷՄ൱͕ަྲྀ࣓քͷ͞ڧʹґଘ͢Δ͜ͱΛࣔ͠ɺಈ࡞Մೳ࣓քൣғ͕࠷େͱͳΔ࠷ద৚
݅ΛٻΊͨɻ࣍ʹεΩϧϛΦϯΛෳ਺ݸ഑ஔͨ͠γϛϡϨʔγϣϯΑΓɺεΩϧϛΦϯ͸ྖܗ֯ࡾҬ̏ͭຖʹ഑
ஔՄೳͰ͋Δ͜ͱΛͨࣔ͠ɻ͜ͷ݁Ռ͸ɺεΩϧϛΦϯͷ௚͕ܘ 7ʙ8nmͱͳΔΑ͏ͳࡐੑ࣓ྉΛ༻͍Δ͜ͱͰɺ
ͷࡏݱ HDDͱಉ౳ͷه࿥ີ౓Λ࣮ݱͰ͖Δ͜ͱΛࣔ͢ɻޙ࠷ʹΤϯθϧϑΟογϡϨʔετϥοΫ্ͷεΩϧϛ
Φϯ͕Ҡಈ͢Δཧ༝ʹ͍ͭͯͨ͠࡯ߟɻ
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ୈ1ষ ͸͡Ίʹ
ຊষͰ͸ຊڀݚͷഎܠɺ಺༰ͱ໨త͓Αͼຊ࿦จͷߏ੒ʹ͍ͭͯड़΂Δɻ
1.1 ຊڀݚͷഎܠ
1.1.1 ίϯϐϡʔλʹ࢖ΘΕ͍ͯΔهԱ૷ஔ
ίϯϐϡʔλΛߏ੒͢ΔύʔπͷҰͭʹओهԱ૷ஔ (ϝΠϯϝϞϦ)͕͋ΔɻओهԱ૷ஔ͸ίϯϐϡʔλͰॲཧ
͞ΕΔσʔλΛอ࣋͢Δ૷ஔͰ͋ΓɺิॿهԱ૷ஔͷҰͭͰ͋ΔϋʔυσΟεΫΑΓ΋ߴ଎ʹಡΈॻ͖͕Ͱ͖Δ
͔ΘΓʹهԱ༰ྔ͕খ͍ͨ͞Ίɺ࣮ߦதͷϓϩάϥϜ΍σʔλΛҰ࣌తʹهԱ͢ΔͨΊʹ࢖༻͞ΕΔɻࡏݱओʹ
ΘΕ͍ͯΔϝϞϦ͸DRAM(Dynamic࢖ Random Access Memory)Ͱ͋ΔɻDRAM͸ίϯσϯαʹిՙΛஷΊΔ
͜ͱͰ৘ใΛอ͍ͯ࣋͠ΔͨΊɺిݯͷ͕څڙͳ͘ͳΔͱ৘ใΛࣦͬͯ͠·͏ɻ͜ͷΑ͏ʹ৘ใͷอ࣋ʹৗʹి
Λඞཁͱ͠ͳ͍ϝϞڅڙͷݯిʹ࣋Ϳɻ͜Εʹର͠ɺ৘ใͷอݺϝϞϦͱੑൃشΛඞཁͱ͢ΔϝϞϦΛڅڙͷݯ
ϦΛෆੑൃشϝϞϦͱݺͿɻߟࡏݱҊ·ͨ͸࣮͞ݱΕ͍ͯΔओͳෆੑൃشϝϞϦͱͯ͠MRAM(Magnetoresistive
Random Access Memory)ɺReRAM(Resistive Random Access Memory)ɺFeRAM(Ferroelectric Random Access
Memory)ͳͲ͕͛ڍΒΕΔɻෆੑൃشϝϞϦͷ࣮ݱʹΑΓɺফඅిྗͷݮ࡟΍ίϯϐϡʔλىಈ࣌ʹOSͷϩʔυ
͕ෆཁʹͳΓίϯϐϡʔλͷΑΓߴ଎ͳىಈ͕ظ଴͞Ε͍ͯΔɻຊڀݚͰ͸MRAMʹ͍ͭͯ͢ڀݚΔɻMRAM
͸ੑ࣓ମͷૉࢠͰߏ੒͞Εɺੑ࣓ମ಺෦ͷ࣓Խߏ଄ʹΑͬͯ৘ใΛอ࣋͢ΔϝϞϦͰ͋Δɻిݯͷ͕څڙແ͘ͳͬ
ͯ΋ੑ࣓ମ಺෦ͷ࣓Խߏ଄͸มԽ͠ͳ͍ͨΊɺ৘ใΛอ࣋͠ଓ͚Δ͜ͱ͕Ͱ͖Δɻ
1.1.2 ϨʔετϥοΫϝϞϦ
ۙ೥ɺϨʔετϥοΫϝϞϦͱݺ͹ΕΔࡉੑ࣓ઢΛ༻͍ͨෆੑൃشϝϞϦ͕஫໨͞Ε͍ͯΔ [1]ɻϨʔετϥο
ΫϝϞϦͷ֓ཁਤΛਤ ઢதͷϏοτϙδγϣϯࡉੑ࣓ɻॳΊͯఏҊ͞ΕͨϨʔετϥοΫϝϞϦͰ͸ɺࣔ͢ʹ1.1
ʹऩΊΒΕ࣓ͨ۠ͷ͖޲Ͱ৘ใͷʮ0,1ʯΛද͢ݱΔɻ͜͜Ͱੑ࣓ମதͷؾ࣓Ϟʔϝϯτͷ͕͖޲ଗͬͨྖҬΛ࣓
۠ͱݺͼɺ࣓ؒ۠ͷؾ࣓Ϟʔϝϯτ͕೧ΕͨྖҬΛ࣓นͱݺͿɻಡΈग़͠ૉࢠͱॻ͖ࠐΈૉࢠ͸ݻఆ͞Ε͓ͯΓɺ
ٱ଱ߴͳ͍ͨΊͨ࣋ಈ෦෼Λۦɻ෺ཧతͳ͏ߦนΛిྲྀͰҠಈͤ͞ɺ೚ҙͷσʔλͷಡΈॻ͖Λ࣓ઢதͷࡉੑ࣓
଴͞ΕΔɻͨͩ͠ɺظ࿥ີ౓΋هߴு͢Δ͜ͱ͕Ͱ͖ΔͨΊ֦ʹ޲ํݩ࣍ઢΛ̏ࡉੑ࣓଴͞ΕΔɻ͞Βʹɺظ͕ੑ
นΛҠಈͤ͞Δͷʹඞཁͳిྗ͕େ͖͍ͱ͍͏໰୊͕͋Δ࣓นҠಈΛ༻͍ͨϨʔετϥοΫϝϞϦʹ͸ɺ࣓ [2]ɻ
͜ͷ໰୊Λղܾ͢ΔͨΊɺ࣓นͷ୅ΘΓʹεΩϧϛΦϯͰ৘ใΛද͢ϨʔετϥοΫϝϞϦ͕ఏҊ͞Εͨ [3,4]ɻ
εΩϧϛΦϯ͸ੑ࣓ମதͰ؍ଌ͞ΕΔӔঢ়ͷ࣓Խߏ଄Ͱ͋ΔɻεΩϧϛΦϯ͸௚ܘ໿ 1ʙ100 nmͱඇৗʹখ͘͞ɺ
105 ∼ 106 A/m2ఔ౓ͷۃখͷిྲྀີ౓ͰҠಈ͢ΔͳͲɺϝϞϦͷૉࢠͱͯ͠ར༻͢Δͷʹ༗༻ͳੑ࣭Λ΋͍ͬͯ
Δ [5–7]ɻ
ਤ ΒΕͨϏοτϙδγϣϯ࡞ʹମ಺෦ੑ࣓Α͏ʹɺεΩϧϛΦϯΛ༻͍ͨϨʔετϥοΫϝϞϦͰ͸ࣔ͢ʹ1.2
ʹ͓͚ΔεΩϧϛΦϯͷ༗ແʹΑͬͯ৘ใͷʮ0,1ʯΛද͢ݱΔɻࡉઢബບঢ়ͷੑ࣓ମ಺෦ʹεΩϧϛΦϯΛ഑ஔ
͠ɺύϧεిྲྀ౳ʹΑΓεΩϧϛΦϯΛҠಈͤ͞ͳ͕ΒσʔλͷಡΈॻ͖Λ͏ߦɻ͜ͷεΩϧϛΦϯΛ༻͍ͨϨʔ
ετϥοΫϝϞϦͰ͸ɺύϧεిྲྀ౳ʹΑͬͯεΩϧϛΦϯΛਖ਼֬ʹҠಈͤ͞ɺ༧ΊఆΊΒΕͨϏοτϙδγϣ
ϯʹऩΊΔඞཁ͕͋Δɻྫ͑͹ిྲྀΛྲྀ͕ؒ࣌͢௕͘ͳͬͯ͠·͏ͱεΩϧϛΦϯ͕Ҡಈ͗ͯ͢͠͠·͍ɺҐஔ
͕ͣΕͯ͠·͏ͱ͍͏໰୊͕͋Δɻ·ͨࡉੑ࣓ઢʹԿΒ͔ͷ֎ྗ͕ՃΘͬͨࡍʹεΩϧϛΦϯ͕Ҡಈͯ͠͠·͍ɺ
৘ใ͕ࣦΘΕΔͱ͍͏໰୊΋͋Δɻ͜ΕΒͷ໰୊Λղܾ͢ΔͨΊɺࡉੑ࣓ઢʹ੾Γ͖ܽ෦Λ෇͚Δख๏͕ఏҊ͞
Ε͍ͯΔ [8]ɻ੾Γ͖ܽ෦Λ෇͚Δ͜ͱʹΑͬͯεΩϧϛΦϯ͸Ϗοτϙδγϣϯʹϐχϯά͞Εɺޡಈ࡞ͷݮগ
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଴͞ΕΔɻ͋Δେ͖͞Ҏ্ͷిྲྀΛҹՃ͢ΔͱɺεΩϧϛΦϯ͸੾Γ͖ܽ෦Λආ͚ͯҠಈ͢Δ͜ͱ͕Ͱ͖Δɻظ͕
ͨͩ͜͠ͷख๏ͷ໰୊఺ͱͯ͠ɺφϊαΠζͷࡉੑ࣓ઢ্ʹ෺ཧతͳ੾Γ͖ܽ෦Λߴਫ਼౓Ͱෳ਺࡞੒͢Δ͜ͱ͕
ඇৗʹࠔ೉Ͱ͋Δ఺͕͛ڍΒΕΔɻ
·ͨɺਤ 1.2ͷΑ͏ͳ௚ઢߏ଄ͷϨʔετϥοΫϝϞϦʹ͸྆୺͕ଘ͠ࡏɺ୺෇ۙͷσʔλʹΞΫηε͢Δʹ͸
௕͍͕ؒ࣌ඞཁʹͳΔɻ͞Βʹɺยํͷ୺෇ۙͷσʔλΛಡΈॻ͖͢Δͱ͖ɺ൓ରଆͷ୺෇ۙʹอ͍ͯ࣋͠Δσʔ
λ͕ࡉੑ࣓ઢͷྖҬ୺ʹিಥͯ͠ফ໓͠ͳ͍Α͏ʹ௥Ճͷ༧උྖҬΛ྆୺ʹ௥Ճ͢Δඞཁ͕͋Δɻ͜ΕΒͷ໰୊
Λղܾ͢ΔͨΊɺϨʔετϥοΫͷ྆୺Λ؀ͨ͛ܨঢ়ϨʔετϥοΫ͕ఏҊ͞Εͨ [9]ɻ؀ঢ়ϨʔετϥοΫͷ࣮
ʹ଴͞ΕΔɻͨͩ͠ɺ؀ঢ়ϨʔετϥοΫظ্͕޲ͼ୺෇ۙͷσʔλ΁ͷΞΫηε଎౓ͷٴ࿥ີ౓هΑͬͯʹݱ
͓͍ͯεΩϧϛΦϯ͕྆ํ޲ʹҠಈ͢ΔΑ͏ʹిۃΛ഑ஔ͢Δͷ͸ࠔ೉Ͱ͋Δɻ
ਤ 1.1: ϨʔετϥοΫϝϞϦܕน࣓ [1] ਤ 1.2: εΩϧϛΦϯܕϨʔετϥοΫϝϞϦ [4]
1.2 ຊڀݚͷ಺༰ɺ໨త
εΩϧϛΦϯΛ༻͍ͨϨʔετϥοΫͰ͸ɺલઅͰड़΂ͨҐஔ੍ޚͷ໰୊ͱ؀ঢ়ϨʔετϥοΫʹ͓͚Δ྆ํ
Ҡಈͷ໰୊͕͋Δɻ͜ΕΒͷ໰୊Λղܾ͢ΔͨΊɺ৽ͨͳख๏Λ̎ͭఏҊͨ͠ɻ޲
·ͣҐஔ੍ޚͷ໰୊Λղܾ͢ΔͨΊɺؾ࣓ҟํੑͷมௐʹΑͬͯҐஔ੍ޚΛ͏ߦख๏ΛఏҊͨ͠ɻεΩϧϛΦ
ϯ͸ؾ࣓ҟํੑ͕௿͍ྖҬʹଘ͕ํ͍ͨͯ͠ࡏΤωϧΪʔ͕௿͘ɺ҆ఆͨ͠ঢ়ଶͱͳΔɻΑͬͯؾ࣓ҟํੑͷҟͳ
ΔྖҬ͕ྡ઀͍ͯͨ͠৔߹ɺεΩϧϛΦϯ͸ؾ࣓ҟํੑ͕௿͍ྖҬͷํʹϐχϯά͞ΕΔɻ͜ͷੑ࣭Λར༻ͯ͠ɺ
ϨʔετϥοΫ্ʹؾ࣓ҟํੑͷҟͳΔྖҬΛަޓʹ഑ஔ͢Δ͜ͱͰεΩϧϛΦϯͷҐஔ੍ޚΛ͏ߦɻؾ࣓ҟํੑ
ͷมௐ͸ɺྫ͑͹ΠΦϯরࣹΛ༻͍Δ͜ͱͰ࣮ݱͰ͖Δ [17]ɻؾ࣓ҟํੑͷมௐ͸෺ཧతͳ੾Γ͖ܽ෦Λ࡞੒͢Δ
ΑΓ࣮͕ݱ༰қͰ͋Γɺྔੑ࢈΋্͢޲Δ͜ͱ͕ظ଴͞ΕΔɻ͜ͷϨʔετϥοΫϝϞϦͷํࣜΛਤ ɻࣔ͢ʹ1.3
ਤ 1.3: ޚҟํੑͷมௐʹΑΔҠಈ੍ؾ࣓
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ͨͩ͜͠ͷख๏Ͱ͸ɺ؀ঢ়ϨʔετϥοΫʹ͓͚Δ྆ํ޲Ҡಈ͕࣮ݱͰ͖ͳ͍ͱ͍͏໰୊͕͋Δɻ؀ঢ়Ϩʔε
τϥοΫʹ͓͚Δ྆ํ޲΁ͷҠಈΛ࣮͢ݱΔͨΊɺ࣓քʹΑΔεΩϧϛΦϯͷҠಈΛఏҊͨ͠ɻεΩϧϛΦϯʹ
քʹΑͬͯεΩϧϛΦϯΛҠಈͤ͞Δ࣓ͨ͸มԽ͢Δ͕Ҡಈ͸͠ͳ͍ɻܘքΛҹՃ͢ΔͱɺεΩϧϛΦϯͷ௚࣓
Ίʹ͸ϨʔετϥοΫʹ޻෉Λ͢Δඞཁ͕͋ΔɻຊڀݚͰఏҊ͢Δख๏͸ɺΤϯθϧϑΟογϡϨʔετϥοΫΛ
༻͍Δख๏Ͱ͋ΔɻΤϯθϧϑΟογϡϨʔετϥοΫ͸ɺݩʑ͸ؾ࣓όϒϧΛҠಈͤ͞Δख๏ͱͯ͠ఏҊ͞Εͨ
΋ͷͰ͋Γ [10]ɺ͜ΕΛεΩϧϛΦϯʹԠ༻͠Ґஔ੍ޚΛ͏ߦɻΤϯθϧϑΟογϡϨʔετϥοΫͱ͸ɺؾ࣓ҟ
ํੑΛ࠯ܗ֯ࡾঢ়ʹ௿Լͤͨ͞ϨʔετϥοΫͰ͋Δɻ໘௚ํ࣓ྲྀަʹ޲քΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯͷ҆
ఆҐஔ͕มԽ͠ɺεΩϧϛΦϯ͕Ҡಈ͢Δɻ·ͨަྲྀ࣓ք͸Ґ૬ͷҟͳΔ̎छྨΛҹՃ͠ɺҐ૬ʹΑͬͯεΩϧ
ϛΦϯͷҠಈํ޲Λ੾ସ͑Δɻ͜ͷϨʔετϥοΫϝϞϦͷํࣜΛਤ ɻࣔ͢ʹ1.4
ਤ 1.4: ΤϯθϧϑΟογϡϨʔετϥοΫʹΑΔҠಈ੍ޚ
ຊڀݚͰ͸ɺϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯΛ༻͍ͯɺ͜ΕΒ 2ͭͷఏҊख๏ͷ༗ޮੑΛௐࠪͨ͠ɻ
1.3 ຊ࿦จͷߏ੒
• ୈ 2ষ ߲ࣄຊج
ຊڀݚʹ͓͚Δجຊతͳ߲ࣄʹ͍ͭͯઆ໌͢Δɻ
• ୈ 3ষ ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯ
ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯͷํࢉܭ๏ʹ͍ͭͯઆ໌͢Δɻ
• ୈ 4ষ ༧උ࣮ݧ
ຊڀݚͰͨͬߦ༧උ࣮ݧͷ݁Ռʹ͍ͭͯड़΂Δɻ
• ୈ 5ষ ޚಈ੍ۦҟํੑͷมௐʹΑΔεΩϧϛΦϯͷిྲྀؾ࣓
ҟํੑΛมௐͨ͠ϨʔετϥοΫ্ʹ͓͍ͯɺεΩϧϛΦϯΛిྲྀʹΑΓҠಈͤͨ͞γϛϡϨʔγϣϯؾ࣓
ͷ݁ՌΛड़΂Δɻ
• ୈ 6ষ ΤϯθϧϑΟογϡϨʔετϥοΫʹΑΔεΩϧϛΦϯͷҠಈ੍ޚ
ΤϯθϧϑΟογϡϨʔετϥοΫ্ʹ͓͍ͯɺεΩϧϛΦϯΛަྲྀ࣓քʹΑΓҠಈͤͨ͞γϛϡϨʔγϣ
ϯͷ݁ՌΛड़΂Δɻ
• ୈ 7ষ ·ͱΊ
࿦จશମͷ·ͱΊΛड़΂Δɻ
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ຊষͰ͸ຊڀݚͷجຊతͳ༻ޠʹ͍ͭͯઆ໌͢Δɻ·ͣຊڀݚͰ༻͍ͨϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣ
ϯʹ͓͍ͯॏཁͳɺؾ࣓ࢠݪϞʔϝϯτɺLLGํఔࣜɺ࣮ޮ࣓քʹ͍ͭͯઆ໌͢Δɻଓ͍ͯεΩϧϛΦϯɺεϐ
ϯిྲྀɺΠΦϯরࣹʹΑΔؾ࣓ҟํੑͷมௐʹ͍ͭͯઆ໌͢Δɻ
2.1 ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯ
ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯͱ͸ɺγϛϡϨʔγϣϯʹΑͬͯඇৗʹඍࡉͳੑ࣓ମ಺෦ͷ࣓Խߏ଄
΍ͦͷมԽΛௐ΂Δख๏ͷ͜ͱͰ͋Δɻ࣮ݧͰଌఆ͢Δͷʹൺ΂ͯɺ௿ίετ͔࣓ͭԽߏ଄ͷؒ࣌มԽͷ؍ଌ͕
༰қͰ͋Δɻ
2.2 Ϟʔϝϯτؾ࣓ࢠݪ
ͷରΛද͢෺ཧྔΛϕΫτϧͰදͨ͠΋ͷͰ͋Γɺ୯Ґ͸ۃ࣓Ϟʔϝϯτͱ͸ؾ࣓ emuͰ͋Δɻؾ࣓ࢠݪϞʔ
ϝϯτͱ͸͕ࢠݪ΋ͭؾ࣓Ϟʔϝϯτͷ͜ͱͰ͋Δɻ͜ͷؾ࣓ࢠݪϞʔϝϯτʹ࣓քΛ͔͚Δͱɺؾ࣓ࢠݪϞʔ
ϝϯτ͸࣓քͱฏߦʹͳΔ·ͰՃ͑ΒΕ࣓ͨքͷ͖޲Λத৺࣠ͱͯ͠ճసӡಈ͢Δɻ·ͨɺ୯Ґମੵ͋ͨΓͷݪ
͹Εɺ୯Ґ͸ݺԽͱ࣓Ϟʔϝϯτ͸ؾ࣓ࢠ emu/cm3 Ͱ͋Δɻ
2.3 Landau-Lifshitz-Gilbertํఔࣜ
Landau-Lifshitz-Gilbertํఔࣜ (LLGํఔࣜ)ͱ͸࣓քʹΑΔؾ࣓ࢠݪϞʔϝϯτͷӡಈΛදࣜ͢Ͱ͋Γɺࣜ
(2.1)Ͱද͞ΕΔɻ
Ṁ = −|γ|(M ×H) + α
M
(M × Ṁ) (2.1)
͜͜ͰM ͸ؾ࣓ࢠݪϞʔϝϯτɺH ͸ؾ࣓ࢠݪϞʔϝϯτʹՃΘΔ࣮ޮ࣓քɺγ͸ؾ࣓ճసൺɺα͸ଛࣦఆ਺
Ͱ͋ΔɻୈҰ߲͸࣓քΛத৺࣠ͱͨࠩ͠ࡀӡಈΛද߲͢Ͱɺୈೋ߲͸ΤωϧΪʔଛࣦʹΑΔӡಈΛද߲͢Ͱ͋Δɻ
LLGํఔ͕ࣜද͢ؾ࣓ࢠݪϞʔϝϯτͷӡಈΛਤ ɻࣔ͢ʹ2.1
ਤ 2.1: Ϟʔϝϯτͷӡಈؾ࣓ࢠݪ
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2.4 ք࣓ޮ࣮
2.4.1 քͱ͸࣓ޮ࣮
ݪք͚ͩͰ͸ͳ༷͘ʑͳޮՌ͕͋Γɺ͜ΕΒͷޮՌʹΑ࣓ͬͯϞʔϝϯτʹՃΘΔޮՌ͸֎෦͔Βͷؾ࣓ࢠݪ
׵ʹք࣓Αͬͯද͢͜ͱ͕Ͱ͖ɺΤωϧΪʔΛʹࣜϞʔϝϯτ͸ӡಈ͢Δɻ͜ΕΒͷޮՌ͸ΤωϧΪʔͷؾ࣓ࢠ
Ϳɻݺքͱ࣓քΛ࣮ޮ࣓Εͨ͞ࢉ׵ͯ͠ʹքͱͯ͠ѻ͏͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏࣓ΔޮՌΛ͢༺࡞Δ͜ͱͰɺ͢ࢉ
ຊ࿦จͰ͸࣮ޮ࣓քͱͯ͠ɺҟํੑ࣓քɺަ࣓׵քɺ੩࣓քɺDMI࣓քΛѻ͏ɻ
2.4.2 ม෼๏
֤ΤωϧΪʔ͔Βɺม෼ࣜࢉܭ (2.2)Λ༻͍Δ͜ͱͰɺ࣮ޮ࣓քΛٻΊΔ͜ͱ͕Ͱ͖Δɻ
H⃗ = − δε
δM⃗
=
1
Ms
⎛
⎝− ∂ε
∂m⃗
+
∂
∂x
(
∂ε
∂
(
∂m⃗
∂x
)
)
+
∂
∂y
⎛
⎝ ∂ε
∂
(
∂m⃗
∂y
)
⎞
⎠+ ∂
∂z
(
∂ε
∂
(
∂m⃗
∂z
)
)⎞
⎠ (2.2)
2.4.3 ҟํੑ࣓ք
ҟํੑͷҰͭͰؾ࣓΍͍͢ੑ࣭ͷ͜ͱͰ͋Δɻ͖޲ʹ޲Ϟʔϝϯτ͕͋Δಛఆͷํؾ࣓ࢠݪҟํੑͱ͸ɺؾ࣓
͋Δ݁থؾ࣓ҟํੑ͸ɺੑ࣓ମΛߏ੒͢ΔࢠݪͷॏͳΓํʹΑΓɺؾ࣓ࢠݪϞʔϝϯτ͕ಛఆͷ݁থ޲ํ࣠Λ޲
͜͏ͱ͢Δੑ࣭Ͱ͋Δɻಛʹɺ͋ΔҰํ͖޲ʹ޲΍͍͢৔߹ΛҰؾ࣓࣠ҟํੑͱݺͼɺͦͷํ޲Λ࣓Խ༰қ࣠ͱ
Ͱ͋Δ৔߹ͷҟํੑʹΑͬͯੜ࣠͡Խ༰қ࣓͕࣠Δɻz͢༺࢖ྉΛࡐҟํੑΛ΋ͭؾ࣓࣠Ͱ͸͜ͷҰڀݚͿɻຊݺ
ΔҟํੑΤωϧΪʔ εK ͸ࣜ (2.3)Ͱද͞ΕΔɻ
εK = Ku(1−mz2) (2.3)
͜͜ͰKu͸ҟํੑఆ਺Ͱ͋Γɺ୯Ґ͸ erg/cm3Ͱ͋Δɻ͜ͷࣜ (2.3)Λม෼࣓ͯ͠քʹͨ͠ࢉ׵΋ͷΛҟํੑ࣓
քͱݺͼɺࣜ (2.4)Ͱද͞ΕΔɻ
HK = −δε
K
δM
(2.4)
2.4.4 ք࣓׵ަ
ྡ઀͢Δؾ࣓ࢠݪϞʔϝϯτ͸ɺͦͷ͕͖޲ଗ͍΍͍͢ͱ͍͏ੑ࣭͕͋Δɻ͜ͷੑ࣭ʹΑͬͯੜ͡ΔΤωϧΪʔ
Λަ׵ΤωϧΪʔͱݺͿɻ͜ͷΤωϧΪʔ͸ྡ઀͢Δؾ࣓ࢠݪϞʔϝϯτ͕ฏߦʹ͍ۙ΄Ͳখ͘͞ͳΔɻަ׵Τ
ωϧΪʔ εA ͸ࣜ (2.5)Ͱද͞ΕΔɻ
εA = A(∇m⃗)2 (2.5)
͜͜Ͱ A͸ަ׵εςΟοϑωεఆ਺Ͱ͋Γɺ୯Ґ͸ erg/cmͰ͋Δɻ͜ͷࣜ (2.5)Λม෼࣓ͯ͠քʹͨ͠ࢉ׵΋ͷ
Λަ࣓׵քͱݺͼɺࣜ (2.6)Ͱද͞ΕΔɻ
HA = − δε
A
δM
(2.6)
2.4.5 ੩࣓ք
੩࣓քͱ͸ੑ࣓ମʹΑͬͯ࡞Γग़͞ΕΔ࣓քͰ͋ΔɻҰൠతʹ੩࣓ք͸ੑ࣓ମதͷ࣓Խߏ଄ʹΑͬͯมԽ͢Δ
ͨΊղੳ͕ࣜଘͣͤࡏɺ਺஋తʹٻΊΔඞཁ͕͋Δɻ
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2.4.6 DMI࣓ք
εΩϧϛΦϯͷग़ݱʹେ͖ؔ͘ΘΔޮՌͱͯ͠δϟϩγϯεΩʔक୩૬࡞ޓ༻ (DMI) [11] [12]͕͋Δɻ͜ͷ
DMIޮՌ͸ྡ઀͢Δؾ࣓ࢠݪϞʔϝϯτͷ͖޲ΛͶ͡Εͤ͞ɺཐઢঢ়ͷ࣓Խߏ଄Λ࡞Γग़͢ޮՌͰ͋ΔɻDMIޮ
Ռʹ͸ɺPt/CoͳͲͷಛఆͷҟͳΔࡐྉͷք໘ʹݱΘΕΔք໘ DMIɺόϧΫࡐྉʹݱΘΕΔόϧΫ DMIͷ̎छ
ྨ͕͋ΔɻຊڀݚͰ͸ք໘ DMIΛ༻͍Δɻ
DMIޮՌʹΑͬͯੜ͡ΔΤωϧΪʔΛ DMIΤωϧΪʔͱݺͿɻք໘ DMIΤωϧΪʔ͸ࣜ (2.7)Ͱද͞ΕΔɻ
εDMI = −Dij · (Si × Sj) (2.7)
͜͜ͰD͸ DMIఆ਺Ͱ͋Δɻࣜ (2.7)ΑΓɺ̎ݩ࣍ͷ৔߹ͷ DMIΤωϧΪʔ͸ࣜ (2.8)ͱͳΔɻ
εDMI = D
[(
mx
∂mz
∂x
−mz
∂mx
∂x
)
+
(
my
∂mz
∂y
−mz
∂my
∂y
)]
(2.8)
͜ͷࣜ (2.8)Λม෼࣓ͯ͠քʹͨ͠ࢉ׵΋ͷΛ DMI࣓քͱݺͼɺࣜ (2.9)Ͱද͞ΕΔɻ
HDMI = −δε
DMI
δM
(2.9)
2.5 εΩϧϛΦϯ
εΩϧϛΦϯ͸ 1960೥୅ɺTony SkyrmeʹΑͬͯఏএ͞ΕͨӔঢ়ͷߏؾ࣓଄ମͰɺ௚ܘ͸ 1ʙ100 nmఔ౓Ͱ͋
Δ (ਤ 2.2) [13]ɻ
ਤ 2.2: εΩϧϛΦϯ
2010೥ɺMnSi΍ FeGeͳͲͷ B20߹ۚͱݺ͹ΕΔੑ࣓ମͷதͰ࣮؍ʹࡍଌ͞Εͨ [14]ɻ
2.6 εϐϯిྲྀ
εϐϯిྲྀ [15, 16]ͱ͸ྲྀΕ͍ͯΔిࢠͷεϐϯͷ͖޲Λ͋ΔҰఆͷํ޲ʹଗ͑ͨిྲྀͷ͜ͱͰ͋Δɻ
εϐϯిྲྀʹΑΔؾ࣓ࢠݪϞʔϝϯτͷӡಈ͸ࣜ (2.10),(2.11)Ͱද͞ΕΔ [15, 16]ɻ
Ṁu = −(u ·∇)M +
β
M
M × [(u ·∇)M ] (2.10)
u =
jpg|µB |
2|e|Ms
(2.11)
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u :ిྲྀ଎౓
β :ඇஅ೤߲
j :ిྲྀີ౓
p :෼ۃ཰
g : gyromagnetic splittingfactor
µB :ϘʔΞࢠ࣓
e ૉྔؾి:
Ms :๞࿨࣓Խ
2.7 ΠΦϯরࣹʹΑΔؾ࣓ҟํੑͷมௐ
1998 ೥ɺChappert ΒʹΑͬͯΠΦϯরࣹʹΑΔੑ࣓ମͷؾ࣓ҟํੑ੍͕ޚใ͞ࠂΕͨ [17]ɻ͜ΕʹΑΔͱɺ
Co/Ptଟ૚ບʹରͯ͠ 30 keVͷ He+ ΠΦϯΛরࣹ͢Δ͜ͱͰଟ૚ບͷ࣓Խۂઢ͕มԽ͠ɺਨ௚ؾ࣓ҟํੑ͕௿
Լ͍ͯ͠Δ͜ͱ͕֬ೝ͞Ε͍ͯΔɻͦͷޙɺଞͷΠΦϯΛ༻͍ͨΠΦϯরࣹͷ࣮ݧ΍ɺCo/Pd૚ʹର͢Δ࣮ݧ΋
ҟํੑͷมԽ͕֬ೝ͞Ε͍ͯΔؾ࣓ΘΕɺߦ [18–21]ɻຊڀݚͰఏҊͨ͠ؾ࣓ҟํੑͷมௐ͸͜ͷΠΦϯরࣹΛ༻
͍Δ͜ͱͰ࣮ݱՄೳͰ͋Δɻ
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ୈ3ষ ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯ
ຊষͰ͸ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯͷํࢉܭ๏ʹ͍ͭͯઆ໌͢Δɻ·ͣ LLGํఔࣜͷ਺஋ղ๏
ʹ͍ͭͯઆ໌͢Δɻ࣍ʹ LLGํఔࣜͷ࢖ʹࢉܭ༻͢Δ࣮ޮ࣓քͷํࢉܭ๏ʹ͍ͭͯઆ໌͢Δɻ
3.1 ϚΠΫϩϚάωςΟοΫϞσϧ
ϚΠΫϩϚάωςΟοΫϞσϧ͸ࢉܭର৅Ͱ͋Δੑ࣓ମΛෳ਺ͷؾ࣓ࢠݪϞʔϝϯτΛฒ΂ͯද͢཭ࢄԽϞσϧ
Ͱ͋Δɻਤ 3.1ͷΑ͏ʹੑ࣓ମΛ֨ࢠঢ়ʹ཭ࢄԽ͢ΔɻҰͭͷ֨ࢠ಺Ͱ͸ؾ࣓ࢠݪϞʔϝϯτͷ͖޲͸Ұ༷Ͱ͋Δ
ͱ͑ߟΔɻ
ਤ 3.1: ཭ࢄԽϞσϧ
3.2 LLGํఔࣜͷ਺஋ղ๏
3.2.1 LLGํఔࣜͷมܗ
LLGํఔࣜ͸ࣜ (3.1)Ͱද͞ΕΔ ɻ(ܝ࠶)
Ṁ = −|γ|(M ×H) + α
M
(M × Ṁ) (3.1)
͜ͷ LLGํఔࣜʹɺεϐϯిྲྀʹΑΔޮՌΛදࣜ͢ (2.10)ΛՃ͑Δͱࣜ (3.2)ͱͳΔɻ
Ṁ = −|γ|(M ×H) + α
M
(M × Ṁ)− (u ·∇)M + β
M
M × [(u ·∇)M ] (3.2)
͜͜Ͱࣜ (3.2)͸྆ลʹະ஌ม਺ Ṁ ؚ͕·Ε͓ͯΓγϛϡϨʔγϣϯͰ͸࢖༻͢Δ͜ͱ͕Ͱ͖ͳ͍ͨΊɺӈล
ʹະ஌ม਺Λ·ͱΊΔΑ͏ʹࣜมͨ͠ܗ [22]ɻ
·ͣM ͷ୯ҐϕΫτϧmΛ༻͍ͯ܎਺Λ·ͱΊΔɻ
ṁ = −γm×H + αm× ṁ− (u ·∇)m+ βm× [(u ·∇)m] (3.3)
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ࣜ (3.3)ͷӈลͷϕΫτϧ uΛ੒෼ຖʹ෼ղ͢Δɻ
ṁ = −γm×H + αm× ṁ
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
+βux(m×
∂m
∂x
) + βuy(m×
∂m
∂y
) + βuz(m×
∂m
∂z
) (3.4)
ࣜ (3.4)ͷ྆ลʹ͔ࠨΒmΛ͔͚ɺӈลΛ੔ཧ͢Δɻ
m× ṁ = −γm× (m×H) + αm× (m× ṁ)
−ux(m×
∂m
∂x
)− uy(m×
∂m
∂y
)− uz(m×
∂m
∂z
)
+βuxm× (m×
∂m
∂x
) + βuym× (m×
∂m
∂y
) + βuzm× (m×
∂m
∂z
) (3.5)
ࣜ (3.5)ͷӈลΛ͞Βʹ੔ཧ͢Δɻ
m× ṁ = −γ{(H ·m)m−H}− αṁ
−ux(m×
∂m
∂x
)− uy(m×
∂m
∂y
)− uz(m×
∂m
∂z
)
+βuxm× (m×
∂m
∂x
) + βuym× (m×
∂m
∂y
) + βuzm× (m×
∂m
∂z
) (3.6)
ࣜ (3.6)Λࣜ (3.4)ʹ୅ೖ͢Δɻ
ṁ = −γm×H + α[−γ{(H ·m)m−H}− αṁ
−ux(m×
∂m
∂x
)− uy(m×
∂m
∂y
)− uz(m×
∂m
∂z
)
+βuxm× (m×
∂m
∂x
) + βuym× (m×
∂m
∂y
) + βuzm× (m×
∂m
∂z
)]
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
+βux(m×
∂m
∂x
) + βuy(m×
∂m
∂y
) + βuz(m×
∂m
∂z
) (3.7)
͜͜Ͱm× ∂m∂x = n
x, m× ∂m∂y = n
y, m× ∂m∂z = n
z ͱ͓͘ɻ
ṁ = −γm×H + α[−γ{(H ·m)m−H}− αṁ
−uxnx − uyny − uznz
+βux(m× nx) + βuy(m× ny) + βuz(m× nz)]
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
+βuxnx + βuyny + βuznz (3.8)
ࣜ (3.8)ͷӈลΛ੔ཧ͢Δɻ
ṁ = −γm×H − αγ{(H ·m)m−H}− α2ṁ
−αuxnx − αuyny − αuznz
+αβux(m× nx) + αβuy(m× ny) + αβuz(m× nz)
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
+βuxnx + βuyny + βuznz (3.9)
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ࣜ (3.9)ͷ ໨ͱߦ2 ໨Λ·ͱΊΔɻߦ5
ṁ = −γm×H − αγ{(H ·m)m−H}− α2ṁ
+(β − α)(uxnx + uyny + uznz)
+αβux(m× nx) + αβuy(m× ny) + αβuz(m× nz)
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
(3.10)
ࣜ (3.10)ӈลͷ −α2mΛࠨลʹҠ߲͠ɺṁͷ߲Λ·ͱΊΔɻ
(1 + α2)ṁ = −γm×H − αγ{(H ·m)m−H}
+(β − α)(uxnx + uyny + uznz)
+αβux(m× nx) + αβuy(m× ny) + αβuz(m× nz)
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
(3.11)
ࣜ (3.11)ͷ྆ลΛ 1 + α2 ͰׂΔɻ
ṁ =
1
1 + α2
[−γm×H − αγ{(H ·m)m−H}
+(β − α)(uxnx + uyny + uznz)
+αβux(m× nx) + αβuy(m× ny) + αβuz(m× nz)
−ux
∂m
∂x
− uy
∂m
∂y
− uz
∂m
∂z
] (3.12)
ࣜ (3.12)ΑΓɺࠨลͷະ஌ͷ஋ ṁΛط஌ͷ஋͔Βߏ੒͞ΕΔӈลͷࣜʹΑͬͯٻΊΔ͜ͱ͕Ͱ͖Δɻ
3.2.2 ͷϧϯήΫολ๏࣍4
LLGํఔࣜͷ਺஋ղੳʹ͸ ͷϧϯήΫολ๏ͱ͸࣍ͷϧϯήΫολ๏Λ༻͍ͨɻ4࣍4 LLGํఔࣜͳͲͷৗඍ
෼ํఔࣜͷղΛٻΊΔख๏ͷҰͭͰ͋Δɻࣜ (3.12)Λ f(t,mi)ͱఆٛ͢Δͱɺ4࣍ͷϧϯήΫολ๏ͷࢉܭ͸ࣜ
(3.13)Ͱද͞ΕΔɻ
mi(t+ dt) = mi(t) +
1
6
(k1 + 2k2 + 2k3 + k4) (3.13)
⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
k1 = ∆t · f(t,mi(t))
k2 = ∆t · f(t+ ∆t2 ,mi(t+
∆t
2 ))
k3 = ∆t · f(t+ ∆t2 ,mi(t+
∆t
2 ))
k4 = ∆t · f(t+∆t,mi(t+∆t))
(3.14)
͜͜Ͱɺmi(t+ ∆t2 ),mi(t+∆t)͸ΦΠϥʔ๏Λ༻͍ͯٻΊΔɻΦΠϥʔ๏͸ࣜ (3.15)Ͱද͞ΕΔɻ
mi(t+∆t) = mi(t) +∆t · f(t,mi(t)) (3.15)
ΦΠϥʔ๏ʹΑΓɺࣜ (3.14)ͷmi(t+ ∆t2 ),mi(t+∆t)͸࣍ͷΑ͏ʹॻ͖͑׵ΒΕΔɻ
(k2 :) mi(t+
∆t
2
) = mi(t) +
∆t
2
· f(t,mi(t))
= mi(t) +
∆t
2
· k1 (3.16)
(k3 :) mi(t+
∆t
2
) = mi(t) +
∆t
2
· f(t+ ∆t
2
,mi(t+
∆t
2
))
= mi(t) +
∆t
2
· k2 (3.17)
(k4 :) mi(t+∆t) = mi(t) +∆t · f(t+∆t,mi(t+∆t))
= mi(t) +∆t · k3 (3.18)
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Αͬͯ ࣜ͸ࢉܭͷϧϯήΫολ๏ͷ࣍4 (3.19)Ͱද͞ΕΔɻ
mi(t+ dt) = mi(t) +
1
6
(k1 + 2k2 + 2k3 + k4) (3.19)
⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
k1 = ∆t · f(t,mi(t))
k2 = ∆t · f(t+ ∆t2 ,mi(t) +
k1
2 )
k3 = ∆t · f(t+ ∆t2 ,mi(t) +
k2
2 )
k4 = ∆t · f(t+∆t,mi(t) + k3)
(3.20)
3.3 ࢉܭքͷ࣓ޮ࣮
2.4.1અͰઆ໌ͨ͠Α͏ʹɺؾ࣓ࢠݪϞʔϝϯτʹՃΘΔ༷ʑͳޮՌ͸࣮ޮ࣓քʹͯ͠ࢉ׵ LLGํఔࣜʹՃ͑
ΒΕΔɻຊ࿦จͰ͸࣮ޮ࣓ք͸ࣜ (3.21)ͱͯͨ͠͠ࢉܭɻ
H = HK +HA +HD +HDMI (3.21)
HK :ҟํੑ࣓ք
HA ք࣓׵ަ:
HD :੩࣓ք
HDMI : DMI ք࣓
๏ํࢉܭΊΔٻքΛ࣓ΕΒͷ͜ʹ࣍ [22]ʹ͍ͭͯઆ໌͢Δɻ
3.3.1 ҟํੑ࣓ք
ҟํੑ࣓ք͸ҟํੑΤωϧΪʔΛදࣜ͢ (2.3)Λม෼ͨࣜ͠ (3.22)ΑΓٻΊΔɻ
HK = −δε
K
δM
= − 1
Ms
δεK
δm
(3.22)
ࣜ (3.22)Λ x, y, z੒෼ʹ෼ղ͢Δɻ
Hx
K =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
− ∂ε
K
∂mx
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂mx
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂mx
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂mx
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.23)
Hy
K =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
− ∂ε
K
∂my
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂my
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂my
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂my
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.24)
Hz
K =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
− ∂ε
K
∂mz
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂mz
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂mz
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εK
∂
(
∂mz
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.25)
ୈ 3ষ ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯ 16
ࣜ ࣜʹ(3.25),(3.24),(3.23) (2.3)Λ୅ೖࣜ͠Λ੔ཧ͢Δͱࣜ (3.26),(3.27),(3.28)ͱͳΔɻ
Hx
K = 0 (3.26)
Hy
K = 0 (3.27)
Hz
K =
2Ku
Ms
mz (3.28)
Αͬͯҟํੑ࣓ք͸ࣜ (3.29)Ͱද͞ΕΔɻ
HK =
⎡
⎢⎢⎢⎣
0
0
2Ku
Ms
mz
⎤
⎥⎥⎥⎦
(3.29)
3.3.2 ք࣓׵ަ
ࣜΤωϧΪʔΛද͢׵ք͸ަ࣓׵ަ (2.5)Λม෼ͨࣜ͠ (3.30)ΑΓٻΊΔɻ
HA = − δε
A
δM
= − 1
Ms
δεA
δm
(3.30)
ࣜ (3.30)Λ x, y, z੒෼ʹ෼ղ͢Δɻ
Hx
A =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
− ∂ε
A
∂mx
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂mx
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂mx
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂mx
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.31)
Hy
A =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
− ∂ε
A
∂my
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂my
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂my
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂my
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.32)
Hz
A =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
− ∂ε
A
∂mz
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂mz
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂mz
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εA
∂
(
∂mz
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.33)
͜͜Ͱࣜ (2.5)Λ x, y, z੒෼ʹ෼ղ͢Δͱࣜ (3.34)ͱͳΔɻ
εA = A(∇m)2
= A{(∇mx)2 + (∇my)2 + (∇mz)2}
= A
{(
∂mx
∂x
)2
+
(
∂my
∂x
)2
+
(
∂mz
∂x
)2
+
(
∂mx
∂y
)2
+
(
∂my
∂y
)2
+
(
∂mz
∂y
)2
+
(
∂mx
∂z
)2
+
(
∂my
∂z
)2
+
(
∂mz
∂z
)2}
(3.34)
ୈ 3ষ ϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯ 17
ࣜ ࣜʹ(3.33),(3.32),(3.31) (3.34)Λ୅ೖ͠ɺࣜΛ੔ཧ͢Δͱࣜ (3.35),(3.36),(3.37)ͱͳΔɻ
Hx
A =
2A
Ms
∂2mx
∂x2
+
2A
Ms
∂2mx
∂y2
+
2A
Ms
∂2mx
∂z2
(3.35)
Hy
A =
2A
Ms
∂2my
∂x2
+
2A
Ms
∂2my
∂y2
+
2A
Ms
∂2my
∂z2
(3.36)
Hz
A =
2A
Ms
∂2mz
∂x2
+
2A
Ms
∂2mz
∂y2
+
2A
Ms
∂2mz
∂z2
(3.37)
͜ͷࣜ (3.35),(3.36),(3.37) ͷภඍ෼ ∂
2
∂x2mx,
∂2
∂y2my,
∂2
∂z2mz Λ 2 ࣜͷ࣍Λ੔ཧ͢Δͱࣜ͠ࣅͷத৺ࠩ෼Ͱۙ࣍
(3.38)ͱͳΔɻ
HA =
2A
Ms
1
(∆x)2
⎡
⎢⎣
mxi+1 − 2mxi +mxi−1
myi+1 − 2myi +myi−1
mzi+1 − 2mzi +mzi−1
⎤
⎥⎦+
2A
Ms
1
(∆y)2
⎡
⎢⎣
mxj+1 − 2mxj +mxj−1
myj+1 − 2myj +myj−1
mzj+1 − 2mzj +mzj−1
⎤
⎥⎦ (3.38)
+
2A
Ms
1
(∆z)2
⎡
⎢⎣
mxk+1 − 2mxk +mxk−1
myk+1 − 2myk +myk−1
mzk+1 − 2mzk +mzk−1
⎤
⎥⎦
͜͜Ͱ i, j, k͸ͦΕͧΕ x, y, z࣠ʹରԠ͢Δ཭ࢄԽͨ͠ηϧͷ൪߸Ͱ͋Δɻ
3.3.3 ੩࣓ք
Ұൠతʹ੩࣓ք͸ੑ࣓ମதͷ࣓Խߏ଄ʹΑͬͯมԽ͢ΔͨΊղੳ͕ࣜଘͣͤࡏɺ਺஋తʹٻΊΔඞཁ͕͋Δɻ
੩࣓քΛٻΊΔࡍɺ૝ఆ͢Δߏ଄ʹΑͬͯٻΊํ͕มΘΔɻຊڀݚͰ͸ɺLocal dipolar approximationɺExplicit
dipolar calculationͱ͍͏ 2ͭͷํ๏Ͱ੩࣓քΛͨ͠ࢉܭɻ
Local dipolar approximation
Local dipolar approximation͸ɺ1ݩ࣍Ϟσϧʹ͓͍ͯۙࣅతʹ͢ࢉܭΔํ๏Ͱ͋ΔɻLocal dipolar approxi-
mationͰ͸ɺҰͭͷؾ࣓ϞʔϝϯτʹΑͬͯ࡞ΒΕΔ੩࣓ք͸ͦͷؾ࣓Ϟʔϝϯτࣗ਎ʹͷΈಇ͘ͱԾఆ͢Δɻ
͜ͷͱ͖ xٴͼ yํ޲ͷ੩࣓ք͸ඇৗʹখ͍ͨ͞Ίແ͢ࢹΔ͜ͱ͕Ͱ͖ɺzํ޲ͷ੩࣓քͷΈ͕ಇ͘ɻΑͬͯ੩࣓
քHD ͸ࣜ (3.39)Ͱද͞ΕΔɻ
HA =
⎡
⎢⎣
0
0
−4πMsmzi
⎤
⎥⎦ (3.39)
Explicit dipolar calculation
Explicit dipolar calculation͸ɺ੩࣓քΛۙࣅతʹࢉܭͰ͖ͳ͍৔߹ʹ༻͍ΒΕΔํ๏Ͱ͋Δɻࢉܭηϧ಺෦ͷ
ΕΔ͜ݱηϧͷද໘ʹͷΈࢉܭ͸ۃ࣓Ҭ಺ͷྖࢉܭҰ༷Ͱ͋ΔͱԾఆ͢Δɻ͜ͷͱ͖ɺ͕͖޲Ϟʔϝϯτͷؾ࣓
ͱʹͳΔɻ͋ΔҰͭͷؾ࣓Ϟʔϝϯτʹର͢Δ੩࣓ք͸ɺྖࢉܭҬ಺ͷશͯͷ؍͕ۃ࣓ଌ఺ʹ࡞Γग़͢੩࣓քͷ
࿨ͱͯ͠ٻΊΔ͜ͱ͕Ͱ͖Δɻ
͸ਤ܎ଌ఺ͱͷؔ؍ք࣓ηϧͱࢉܭҬ಺ͷҰͭͷྖࢉܭ 3.2Ͱද͞ΕΔɻ͜͜Ͱ௕ํܗͷ֤໘͸ͦΕͧΕ໘ີ౓
±Mxɺ±My ͓Αͼ±Mz Ͱ͕ۃ࣓෼෍͍ͯ͠Δͱ͢Δɻ͜ΕΒ 6ͭͷ໘ʹݱΕΔ؍͕ۃ࣓ଌ఺ʹ࡞Δ੩࣓քΛٻ
ΊΔɻ
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ਤ 3.2: ੩࣓քͷࢉܭηϧ
·ͣ y − z໘ʹฏߦͳӈଆͷลʹ͍ͭͯ͑ߟΔɻ؍ଌ఺͔Β (x1, y, z)཭Εͨ͜ͷ໘্ͷඍখྖҬ͕؍ଌ఺ʹ࡞
Γग़࣓͢ք͸ࣜ (3.40)Ͱද͞ΕΔɻ
∆H = −Mx
r2
⎡
⎢⎢⎢⎢⎢⎢⎢⎣
x1
r
∆y∆z
y
r
∆y∆z
z
r
∆y∆z
⎤
⎥⎥⎥⎥⎥⎥⎥⎦
, r =
√
x12 + y2 + z2 (3.40)
͜ΕΒͷ࣓քΛѻ͏໘ʹΘͨͬͯੵ෼͢Δͱɺ͜ͷ໘͕؍ଌ఺ʹ࡞Γग़࣓͢քΛٻΊΔ͜ͱ͕ग़དྷΔɻ
Hx =
∫ z1
z0
∫ y1
y0
∆Hx, Hy =
∫ z1
z0
∫ y1
y0
∆Hy, Hz =
∫ z1
z0
∫ y1
y0
∆Hz (3.41)
ಉ༷ͷࢉܭΛ x− z໘,x− y໘ʹฏߦͳ໘Ͱ͍ߦɺͦΕͧΕͷ໘͝ͱʹ؍ଌ఺ʹ࡞Γग़࣓͢քΛٻΊ଍͠߹ΘͤΔ
ͱɺࢉܭηϧ্ͷ؍͕ۃ࣓ଌ఺ʹ࡞Γग़࣓͢ք͸ Ͱද͞ΕΔɻࣜ(3.42)
Hx = qxx ·mx + qxy ·my + qxz ·mz
Hy = qxy ·mx + qyy ·my + qyz ·mz (3.42)
Hz = qxz ·mx + qyz ·my + qzz ·mz
͜͜Ͱ qxx, qyy, qzz, qxy, qyz, qxz͸੩࣓ք܎਺Ͱ͋Δɻ֤ࢉܭηϧ͕ಉ͡େ͖͞Ͱ͋Γɺಉִؒ͡Ͱنଇతʹฒ
ΜͰ͍Δͱ͢Δͱɺ੩࣓ք܎਺͸ࢉܭ఺ͷִ͚ؒͩͰܾ·ΔɻΑͬͯୈ (i, j)൪໨ͷࢉܭ఺Ͱͷ੩࣓ք͸ ࣜ(3.43)
Ͱද͞ΕΔɻ
Hx(i, j) =
nx∑
i′=1
ny∑
j′=1
(qxx(i′ − i, j′ − j) ·mx(i′, j′) + qxy(i′ − i, j′ − j) ·my(i′, j′) + qxz(i′ − i, j′ − j) ·mz(i′, j′))
Hy(i, j) =
nx∑
i′=1
ny∑
j′=1
(qxy(i′ − i, j′ − j) ·mx(i′, j′) + qyy(i′ − i, j′ − j) ·my(i′, j′) + qyz(i′ − i, j′ − j) ·mz(i′, j′))
Hz(i, j) =
nx∑
i′=1
ny∑
j′=1
(qxz(i′ − i, j′ − j) ·mx(i′, j′) + qyz(i′ − i, j′ − j) ·my(i′, j′) + qzz(i′ − i, j′ − j) ·mz(i′, j′))
(3.43)
͜͜Ͱ nx, ny͸ͧΕͧΕ x͓Αͼ yํ޲ͷࢉܭ఺ͷ਺Ͱ͋Δɻ੩࣓ք͸ࢉܭηϧͷද໘͔Βൃੜ͢Δ΋ͷͱ͑ߟɺ
ൃੜͨ͠੩࣓ք͸ࢉܭηϧͷத৺Ͱ؍ଌ͢Δͱͨ͑ߟ৔߹ɺ؍ଌΛࢉܭ͏ߦηϧ͕ηϧͷத৺ྀ͔͍ͯ͠͠ߟͳ
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͍ͨΊɺຊڀݚͰ༻͍ΔΑ͏ͳ௚ํମͷࢉܭηϧͰ͸੩࣓քʹؚ͕ࠩޡࢉܭ·Εͯ͠·͏ɻ੩࣓քΛ؍ଌ͍ͯ͠
Δηϧ಺෦ʹ࡞ΒΕΔ੩࣓քͷฏۉ஋Λ༻͍Δͱ੩࣓քͷࢉܭਫ਼౓͕ྑ͘ͳΔ [23] [24]ɻ
ࣜͨ· (3.43)ΑΓɺҰͭͷηϧʹର͢Δ੩࣓քΛٻΊΔʹ͸ 3× nx× nyճͷ͕ࢉܭඞཁͰ͋Δ͜ͱ͕෼͔Δɻ
Αͬͯશͯͷηϧʹ͓͚Δ੩࣓քΛٻΊΔͨΊͷؒ࣌ࢉܭ͸ࢉܭ఺ͷೋ৐ʹൺྫ͍ͯ͠Δɻ͜Ε͸ຊγϛϡϨʔ
γϣϯͷதͰ΋ඇৗʹ͔͔͕ؒ࣌ΔࢉܭͰ͋Γɺ͜ͷؒ࣌ࢉܭΛ୹ॖ͢ΔͨΊʹ཭ߴࢄ଎ϑʔϦΤม׵Λ༻͍ͨ
ConvolutionԋࢉΛಋೖͨ͠ɻ
཭ߴࢄ଎ϑʔϦΤม׵Λ༻͍ͨConvolutionԋࢉ
ҎԼͷԋ͑ߟ͍ͯͭʹࢉΔɻ
A(i) =
n∑
j=1
C(j − i) ·B(j), i = 1, . . . n (3.44)
͜͜Ͱ A,B ͸ͦΕͧΕ௕͞ nͷϕΫτϧɺC ͸௕͞ 2n− 1ͷϕΫτϧɺn͸ೋͷྦྷ৐ͷ਺ͱ͢Δɻ͜ͷԋࢉ͸
Convolutionԋࢉͱݺ͹Ε͓ͯΓɺA(1), . . . , A(n)ΛશͯٻΊΔͨΊʹඞཁͳؒ࣌ࢉܭ͸ nͷ 2৐ʹൺྫ͢Δɻࣜ
(3.43)΋͜ͷ ConvolutionԋࢉͷҰͭͰ͋Δɻ
ʹ࣍ B ͓Αͼ C ͕पظ nͷपؔظ਺Ͱ͋Δ৔߹Λ͑ߟΔɻपੑظΑΓ C ͸௕͞ nͷϕΫτϧͰද͢͜ͱ͕Ͱ
͖Δɻ͜ͷͱ͖ɺ(3.44)ࣜͷԋࢉ͸཭ࢄϑʔϦΤม׵Λ༻͍ͯɺҎԼͷखॱͰࢉܭͰ͖Δɻ
1. B ͓Αͼ C ͷϑʔϦΤ੒෼ Br(Bͷ࣮෦),Bi(Bͷڏ෦),Cr(Cͷ࣮෦),Ci(Cͷڏ෦)ΛٻΊΔɻ
2. ΊͨϑʔϦΤ੒෼ͷ֤੒෼Λ௚઀ֻ͚߹Θͤɺ݁ՌΛͦΕͧΕٻ Ar,Aiͱ͢Δɻ
Ar(i) = Br(i) · Cr(i)−Bi(i) · Ci(i)
Ai(i) = Br(i) · Ci(i) +Bi(i) · Cr(i), i = 1, . . . , n (3.45)
3. Ar,AiΛٯϑʔϦΤม͢׵Δɻ͜ͷͱ͖ಘΒΕͨ΋ͷͷ࣮਺෦͕ٻΊΔ΂͖ AͰ͋Δɻ
ͷ͏ͪɺखॱࢉܭͷه্ 1,3͸௕͞ nͷϕΫτϧͷ཭ࢄϑʔϦΤม͓׵Αͼٯม׵Ͱ͋ΔͨΊɺn log(n)ʹൺྫ
͢Δؒ࣌ࢉܭͰࢉܭͰ͖Δɻखॱ 2͸ nʹൺྫ͢Δؒ࣌ࢉܭͰࢉܭͰ͖Δɻ͕ͨͬͯ͠શͯͷࢉܭ͸ O(n log(n))
Ͱ͜͏ߦͱ͕Ͱ͖Δɻ
ͳ͍৔߹ʹରͨ࣋଄Λߏظର৅͕पࢉܭ৔߹ʹͷΈద༻ՄೳͰ͋Δɻͭ࣋଄Λߏظର৅͕पࢉܭ͸ࢉܭͷه্
ͯ͠͸ҎԼʹड़΂ΔθϩύσΟϯάख๏Λ༻͍Δ͜ͱʹΑΓߴ଎ࢉܭΛ࣮͢ݱΔɻ
·ͣ௕͞ nͷϕΫτϧ B ͼٴ C ΛҎԼͷΑ͏ʹ௕͞ 2nͷϕΫτϧʹ֦ு͠ɺͦΕͧΕ B′, C ′ ͱ͢Δɻ
B′ : B(1), B(2), . . . , 0, 0, . . . , 0
C ′ : 0, C(−n+ 1), C(−n+ 2), . . . , C(0), C(1), . . . , C(n− 1) (3.46)
͜ͷΑ͏ʹͯ͠ಘΒΕͨ B′ͱ C ′ ʹରͯ͠ɺલड़ͷखॱʹै͍ԋࢉΛ͏ߦɻಘΒΕͨϕΫτϧ A′ ͷ
A′(n+ 1), . . . , A′(2n)ͷ੒෼͕ٻΊΔԋࢉͷղͰ͋Δɻ
ର৅͕ࢉܭ ɻҎ߱ͷखॱ͸͏ߦ৔߹͸ҎԼͷΑ͏ʹθϩύσΟϯάΛͭ࣋଄Λߏݩ࣍2 ͱಉ༷Ͱࢉܭͷݩ࣍1
͋Δɻ
B′ =
⎛
⎜⎜⎜⎜⎝
0 0 0 0
0 0 0 0
B(1, 2) B(2, 2) 0 0
B(1, 1) B(2, 1) 0 0
⎞
⎟⎟⎟⎟⎠
(3.47)
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C ′ =
⎛
⎜⎜⎜⎜⎝
0 C(−1, 1) C(0, 1) C(1, 1)
0 C(−1, 0) C(0, 0) C(1, 0)
0 C(−1,−1) C(0,−1) C(1,−1)
0 0 0 0
⎞
⎟⎟⎟⎟⎠
(3.48)
3.3.4 DMI࣓ք
DMI࣓ք͸ DMIΤωϧΪʔΛදࣜ͢ (2.8)Λม෼ͨࣜ͠ (3.49)ΑΓٻΊΔɻ
HDMI = −δε
DMI
δM
= − 1
Ms
δεDMI
δm
(3.49)
ࣜ (3.49)Λ x, y, z੒෼ʹ෼ղ͢Δɻ
Hx
DMI =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
−∂ε
DMI
∂mx
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂mx
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂mx
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂mx
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.50)
Hy
DMI =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
−∂ε
DMI
∂my
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂my
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂my
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂my
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.51)
Hz
DMI =
1
Ms
⎛
⎜⎜⎜⎜⎜⎝
−∂ε
DMI
∂mz
+
∂
∂x
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂mz
∂x
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂y
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂mz
∂y
)
⎞
⎟⎟⎟⎟⎟⎠
+
∂
∂z
⎛
⎜⎜⎜⎜⎜⎝
∂εDMI
∂
(
∂mz
∂z
)
⎞
⎟⎟⎟⎟⎟⎠
⎞
⎟⎟⎟⎟⎟⎠
(3.52)
ࣜ ࣜʹ(3.52),(3.51),(3.50) (2.8)Λ୅ೖ͠ɺࣜΛ੔ཧ͢Δͱࣜ (3.53),(3.54),(3.55)ͱͳΔɻ
Hx
DMI = −2D
Ms
∂mz
∂x
(3.53)
Hy
DMI = −2D
Ms
∂mz
∂y
(3.54)
Hz
DMI =
2D
Ms
(
∂mx
∂x
+
∂my
∂y
)
(3.55)
͜ͷࣜ (3.53),(3.54),(3.55)ͷภඍ෼ ∂∂xmx,
∂
∂ymy,
∂
∂xmz,
∂
∂ymz Λ ͷ࣍Λ੔ཧ͢Δͱࣜ͠ࣅͷத৺ࠩ෼Ͱۙ࣍2
ࣜ (3.56)ͱͳΔɻ
HDMI =
D
Ms
⎡
⎢⎢⎢⎢⎢⎢⎢⎣
−
mzi+1 −mzi−1
∆x
−
mzj+1 −mzj−1
∆y
mxi+1 −mxi−1
∆x
+
myj+1 −myj−1
∆y
⎤
⎥⎥⎥⎥⎥⎥⎥⎦
(3.56)
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3.3.5 ք৚݅ڥ
DMIޮՌ͕ಇ͘ঢ়گͰ͸ڥք෦͕ଟগͨ͘܏ΊɺDMIޮՌΛྀࣗͨ͠ߟ༝ڥք৚݅ [25]Λ༻͍ͨɻDMIޮՌ
Λྀࣗͨ͠ߟ༝ڥք৚݅ͷࣜ͸ࣜ (3.57)Ͱද͞ΕΔɻ
∂m
∂n
=
D
2A
(ẑ × n)×m (3.57)
ࣜ (3.57)Λ x, y੒෼ʹ෼ղ͢Δͱࣜ (3.58)ɺࣜ (3.59)͕ಘΒΕΔɻ
∂m
∂x̂
=
D
2A
(ẑ × x̂)×m = D
2A
⎡
⎢⎣
mz
0
−mx
⎤
⎥⎦ (3.58)
∂m
∂ŷ
=
D
2A
(ẑ × ŷ)×m = D
2A
⎡
⎢⎣
0
mz
−my
⎤
⎥⎦ (3.59)
͜͜Ͱ x޲ํ࣠ͷࢉܭ఺Λmx=0͔Βmx=nx−1·Ͱͱ͢Δɻภඍ෼ ∂m∂x Λத৺ࠩ෼Ͱ͢ࢉܭΔࡍʹ͸ڥքʹԾ
૝ηϧmx=−1,mx=nx ͕ଘ͢ࡏΔͱ͢ࢉܭͯ͑ߟΔɻࣜ (3.58)ΑΓɺDMIޮՌΛྀͨ͠ߟ x޲ํ࣠ͷԾ૝ηϧ
ͷ࣓Խͷ͖޲͸ࣜ (3.60)͔Βࣜ (3.65)Ͱද͞ΕΔɻ
mx
x=−1 = mx
0 −∆x ·mz0 ·
D
2A
(3.60)
my
x=−1 = my
0 (3.61)
mz
x=−1 = mz
0 +∆x ·mx0 ·
D
2A
(3.62)
mx
x=nx = mx
nx−1 +∆x ·mznx−1 ·
D
2A
(3.63)
my
x=nx = my
nx−1 (3.64)
mz
x=nx = mz
nx−1 −∆x ·mxnx−1 ·
D
2A
(3.65)
ಉ༷ʹ y޲ํ࣠ͷࢉܭ఺Λmy=0͔Βmy=ny−1·Ͱͱ͢Δɻภඍ෼ ∂m∂y Λத৺ࠩ෼Ͱ͢ࢉܭΔࡍʹ͸ڥքʹ
Ծ૝ηϧmy=−1,my=ny ͕ଘ͢ࡏΔͱ͢ࢉܭͯ͑ߟΔɻࣜ (3.59)ΑΓɺDMIޮՌΛྀͨ͠ߟ y޲ํ࣠ͷԾ૝η
ϧͷ࣓Խͷ͖޲͸ࣜ (3.66)͔Βࣜ (3.71)Ͱද͞ΕΔɻ
mx
y=−1 = mx
0 (3.66)
my
y=−1 = my
0 −∆x ·mz0 ·
D
2A
(3.67)
mz
y=−1 = mz
0 +∆x ·my0 ·
D
2A
(3.68)
mx
y=ny = mx
ny−1 (3.69)
my
y=ny = my
ny−1 +∆x ·mzny−1 ·
D
2A
(3.70)
mz
y=ny = mz
ny−1 −∆x ·myny−1 ·
D
2A
(3.71)
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ୈ4ষ ༧උ࣮ݧ
ຊষͰ͸ɺDMI ޮՌΛՃ͑ͨγϛϡϨʔγϣϯͷଥ౰ੑΛݕ౼͢ΔͨΊʹɺγϛϡϨʔγϣϯ݁ՌΛઌߦ࿦
จ ͣ·ք৚݅ʹՃ͑ͨɻڥքͱ࣓ͱൺֱͨ͠ɻDMIޮՌ͸ɺ࣮ޮࣜͼղੳٴ[25] ബບϞσϧΛ༻͍ͯDMIݩ࣍1
ʹΑΔڥք΁ͷӨڹΛௐࠪ͠ɺDMIޮՌͷଥ౰ੑΛ֬ೝͨ͠ɻ࣍ʹɺԁ൫ബບϞσϧʹ͓͚ΔεΩϧϛΦϯͷ௚
ͷଥ౰ੑΛ֬ೝͨ͠ɻࢉܭͱΤωϧΪʔΛௐࠪ͠ɺεΩϧϛΦϯੜ੒ͱΤωϧΪʔܘ
4.1 DMIʹΑΔڥք΁ͷӨڹ
4.1.1 ཁ֓ݧ࣮
Ͱ͋޲ബບ໘ʹରͯ͠໘௚ͳํ͕͖޲Ϟʔϝϯτͷؾ࣓ͷബບͱͨ͠ɻશͯͷݶͷ௕͕͞ແ޲ର৅ΛҰํࢉܭ
ΔΑ͏ͳॳظঢ়ଶΛ༩͑ɺฏߧঢ়ଶ ཁΛਤ֓ݧɻ࣮ͨ͠ࢉܭԽঢ়ଶ)ʹͳΔ·Ͱ࣓ཹ࢒) ɻࣔ͢ʹ4.1
ਤ 4.1: ཁ֓ݧബບϞσϧʹ͓͚Δ࣮ݩ࣍1
͞Βʹڥք෦ʹ͓͚Δmxͷղੳղͱ݁ࢉܭՌΛൺֱ͠ɺڥք৚݅ͷଥ౰ੑΛ֬ೝͨ͠ɻڥք෦ʹ͓͚Δmxͷ
ղੳղ͸ࣜ (4.1)Ͱද͞ΕΔ [25]ɻ
mx = ±
∆
ξ
= ± D
2
√
AK
(4.1)
(ξ = 2A/D,∆ =
√
A/K)
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4.1.2 ਺ཧϞσϧ
཭ࢄԽϞσϧ
཭ࢄԽϞσϧ͸ਤ 4.2ͷΑ͏ʹ௚ํମΛԣʹฒ΂ͯ࡞੒ͨ͠ɻ
ਤ 4.2: ԽϞσϧࢄബບϞσϧʹ͓͚Δ཭ݩ࣍1
৚݅ࢉܭྉఆ਺ͱࡐ
৚݅Λදࢉܭྉఆ਺ͱࡐͨ͠༺࢖ ɻࣔ͢ʹ4.1
ද 4.1: ৚݅ࢉܭྉఆ਺ͱࡐബບϞσϧʹ͓͚Δݩ࣍1
๞࿨࣓Խ Ms = 1100 emu/cm3
εςΟϑωεఆ਺׵ަ A = 1.6µerg/cm
ҟํੑఆ਺ؾ࣓ Ku = 12.7Merg/cm3
ଛࣦఆ਺ α = 1.0
ճసൺؾ࣓ γ = 17.6Mrad/s ·Oe
DMIఆ਺ D = 0 ∼ 5.5 erg/cm2
Έࠁؒ࣌ ∆t = 0.01 ps
4.1.3 Ռ݁ࢉܭ
·ͣD = 3.0 mJ/m2ͱͨ͠৔߹ͷ࣓ཹ࢒Խঢ়ଶΛௐࠪͨ͠ɻ݁ՌΛਤ ࿦จߦɻ·ͨઌࣔ͢ʹ4.3 [25]ͷ݁ՌΛ
ਤ ɻࣔ͢ʹ4.4
ɺDʹ࣍ = 0 ∼ 5.5 erg/cm2ͱมԽͤ͞ɺDͱڥք෦ʹ͓͚Δmxͷؔ܎Λௐࠪͨ͠ɻ݁ՌΛਤ ·ɻࣔ͢ʹ4.5
ͨઌߦ࿦จ [25]ͷ݁ՌΛਤ ɻࣔ͢ʹ4.6
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ਤ 4.3: D = 0.0, 3.0 mJ/m2 ʹ͓͚Δ࣓ཹ࢒Խঢ়ଶ
ਤ 4.4: ઌߦ࿦จ [25]ͷ݁Ռ
ਤ 4.5: Dͱڥք෦ʹ͓͚Δmx ͷؔ܎ ਤ 4.6: ઌߦ࿦จ [25]ͷ݁Ռ
ਤ 4.3ΑΓɺDMIޮՌʹΑͬͯڥք෦͕͘͜܏ͱ͕֬ೝͰ͖Δɻ·ͨਤ 4.4ͱൺֱͯ͠ɺઌߦ࿦จͷ݁Ռͱఆ
ྔతʹҰக͍ͯ͠Δ͜ͱ͕෼͔Δɻ
ਤ 4.5,ਤ 4.6ΑΓɺExplicit dipolar calculationͷ݁Ռ͕ઌߦ࿦จͷ݁ՌͱҰக͍ͯ͠Δ͜ͱ͕෼͔Δɻ·ͨ
Local dipolar approximationͷ݁Ռ͸ɺࢉܭ఺਺͕૿Ճ͢Δ΄Ͳઌߦ࿦จͷ݁Ռٴͼղੳࣜʹۙ෇͍͍ͯΔ͜ͱ
͕෼͔Δɻ
Ҏ্ͷ݁ՌΑΓɺDMIޮՌΛՃ͑ͨγϛϡϨʔγϣϯͷଥ౰ੑ͕֬ೝͰ͖ͨɻ
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4.2 εΩϧϛΦϯͷ௚ܘͱΤωϧΪʔ
4.2.1 ཁ֓ݧ࣮
Խ͕࣓Խঢ়ଶ͸த৺෦ͷ࣓ظର৅͸ԁ൫ͱͨ͠ɻॳࢉܭ z Խ͕࣓ɺ֎ଆͷ޲ਖ਼ํ࣠ z ঢ়ଶߧͱ͠ɺฏ޲ෛํ࣠
ʹͳΔ·Ͱͨ͠ࢉܭɻ࣮֓ݧཁΛਤ ɻࣔ͢ʹ4.7
ਤ 4.7: ԁ൫Ϟσϧʹ͓͚Δ࣮֓ݧཁ
ฏߧঢ়ଶʹ͓͚ΔεΩϧϛΦϯͷ௚ٴܘͼΤωϧΪʔΛ͠ࢉܭɺઌߦ࿦จͱൺֱͨ͠ɻ͞ΒʹεΩϧϛΦϯͷ௚
ࣜͷղੳղ͸ܘͷଥ౰ੑΛ֬ೝͨ͠ɻεΩϧϛΦϯͷ௚ࢉܭՌΛൺֱ͠ɺεΩϧϛΦϯ݁ࢉܭͷղੳղͱܘ (4.2)
Ͱද͞ΕΔɻ
Rx =
∆√
2(1−D/Dc)
(4.2)
(∆ =
√
A/K)
4.2.2 ਺ཧϞσϧ
཭ࢄԽϞσϧ
ԁ൫Ϟσϧͷ཭ࢄԽϞσϧΛਤ ɻࣔ͢ʹ4.8
ਤ 4.8: ԁ൫Ϟσϧʹ͓͚Δ཭ࢄԽϞσϧ
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৚݅ࢉܭྉఆ਺ͱࡐ
৚݅Λදࢉܭྉఆ਺ͱࡐͨ͠༺࢖ ɻࣔ͢ʹ4.2
ද 4.2: ԁ൫Ϟσϧʹ͓͚Δࡐྉఆ਺ͱࢉܭ৚݅
๞࿨࣓Խ Ms = 1100 emu/cm3
εςΟϑωεఆ਺׵ަ A = 1.6µerg/cm
ҟํੑఆ਺ؾ࣓ Ku = 12.7Merg/cm3
ଛࣦఆ਺ α = 0.5
ճసൺؾ࣓ γ = 17.6Mrad/s ·Oe
DMIఆ਺ D = 0 ∼ 8 erg/cm2
Έࠁؒ࣌ ∆t = 0.01 ps
4.2.3 Ռ݁ࢉܭ
ԁ൫ͷ௚ܘΛR = 25, 50, 75, 100 nmͱ͠ɺDMIఆ਺ͱεΩϧϛΦϯ௚ܘͷؔ܎Λௐࠪͨ͠ɻ݁ՌΛਤ ࣔʹ4.9
͢ɻ·ͨઌߦ࿦จ [25]ͷ݁ՌΛਤ ɻࣔ͢ʹ4.10
ਤ 4.9: DͱεΩϧϛΦϯ௚ܘͷؔ܎
ਤ 4.10: ઌߦ࿦จ [25]ͷ݁Ռ
ਤ 4.9,ਤ 4.10ΑΓɺDMIఆ਺ͱεΩϧϛΦϯ௚ܘͷ͕ؔ܎ઌߦ࿦จͷ݁ՌͱҰக͍ͯ͠Δ͜ͱ͕෼͔Δɻ
Λܘɺԁ൫ͷ௚ʹ࣍ R = 100 nmʹݻఆ͠ɺDMIఆ਺ͱΤωϧΪʔͷؔ܎Λௐࠪͨ͠ɻ݁ՌΛਤ ɻࣔ͢ʹ4.11
·ͨઌߦ࿦จ [25]ͷ݁ՌΛਤ ɻࣔ͢ʹ4.12
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ਤ 4.11: DͱΤωϧΪʔͷؔ܎
ਤ 4.12: ઌߦ࿦จ [25]ͷ݁Ռ
ਤ 4.11,ਤ 4.12ΑΓɺDMIఆ਺ͱΤωϧΪʔͷ͕ؔ܎ઌߦ࿦จͷ݁ՌͱҰக͍ͯ͠Δ͜ͱ͕෼͔Δɻ
Ҏ্ͷ݁ՌΑΓɺεΩϧϛΦϯੜ੒ͷγϛϡϨʔγϣϯͱΤωϧΪʔࢉܭͷଥ౰ੑ͕֬ೝͰ͖ͨɻ
4.3 ·ͱΊ
ຊষͰ͸ɺDMI ޮՌΛՃ͑ͨγϛϡϨʔγϣϯͷଥ౰ੑΛݕ౼͢ΔͨΊʹɺγϛϡϨʔγϣϯ݁ՌΛઌߦ࿦
จ ͣ·ք৚݅ʹՃ͑ͨɻڥքͱ࣓ͱൺֱͨ͠ɻDMIޮՌ͸ɺ࣮ޮࣜͼղੳٴ[25] ബບϞσϧΛ༻͍ͯDMIݩ࣍1
ʹΑΔڥք΁ͷӨڹΛௐࠪͨ͠ɻਤ 4.3,4.4ΑΓɺD = 3.0 mJ/m2ͱͨ͠৔߹ͷ࣓ཹ࢒Խঢ়ଶ͕ઌߦ࿦จͷ݁Ռͱ
ఆྔతʹҰகͨ͠ɻ·ͨɺDͱڥք෦ʹ͓͚Δmxͷؔ܎ͷ Local dipolar approximationͷ݁ࢉܭՌ͸ɺࢉܭ఺
਺͕૿Ճ͢Δ΄Ͳઌߦ࿦จͷ݁Ռٴͼղੳࣜʹۙ෇͍ͨɻ͜ΕΑΓɺDMIޮՌΛྀͨ͠ߟγϛϡϨʔγϣϯͷଥ
౰ੑ͕֬ೝͰ͖ͨɻ࣍ʹɺԁ൫ബບϞσϧʹ͓͚ΔεΩϧϛΦϯͷ௚ܘͱΤωϧΪʔΛௐࠪͨ͠ɻਤ 4.9,4.10Α
ΓɺDMIఆ਺ͱεΩϧϛΦϯ௚ܘͷ͕ؔ܎ઌߦ࿦จͷ݁ՌͱҰகͨ͠ɻ·ͨਤ 4.11,4.12ΑΓɺDMIఆ਺ͱΤω
ϧΪʔͷ͕ؔ܎ઌߦ࿦จͷ݁ՌͱҰகͨ͠ɻ͜ΕΑΓɺεΩϧϛΦϯੜ੒ͷγϛϡϨʔγϣϯͱΤωϧΪʔࢉܭͷ
ଥ౰ੑ͕֬ೝͰ͖ͨɻ
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ୈ5ষ ҟํੑͷมௐʹΑΔεΩϧϛΦϯͷిྲྀؾ࣓
ޚಈ੍ۦ
εΩϧϛΦϯΛ༻͍ͨϨʔετϥοΫϝϞϦͰ͸ɺύϧεిྲྀʹΑͬͯεΩϧϛΦϯΛਖ਼֬ʹҠಈͤ͞ɺ༧Ί
ఆΊΒΕͨϏοτϙδγϣϯʹऩΊΔඞཁ͕͋ΔɻઌڀݚߦͰ͸੾Γ͖ܽ෦ʹΑΔҐஔ੍͕ޚఏҊ͞Ε͍ͯΔ͕ɺ
໰୊఺ͱͯ͠࡞੒೉౓ͷ͛ڍ͕͞ߴΒΕΔɻͦ͜Ͱઌߦख๏ΑΓ΋࣮͕ݱ༰қͰ͋Δɺؾ࣓ҟํੑͷมௐΛ༻͍
ͨεΩϧϛΦϯͷҐஔ੍ޚΛఏҊͨ͠ɻຊষͰ͸ؾ࣓ҟํੑΛมௐͨ͠ϨʔετϥοΫʹ͓͍ͯɺεΩϧϛΦϯ
ͷిྲྀۦಈγϛϡϨʔγϣϯΛ͍ߦɺͦͷ༗ޮੑΛௐࠪͨ͠ɻ
5.1 ཁ֓ݧ࣮
ϨʔετϥοΫ্ͷҰ෦ྖҬͷؾ࣓ҟํੑΛ௿Լͤ͞ɺؾ࣓ҟํੑͷҟͳΔྖҬ͕ަޓʹฒͿΑ͏ͳϨʔετ
ϥοΫͰ࣮ݧΛͨͬߦɻؾ࣓ҟํੑ͕௿͍ྖҬΛϏοτϙδγϣϯͱݺͼɺ͔ࠨΒॱ൪ʹ b1, b2, b3, b4ͱͨ͠ɻϨʔ
ετϥοΫͷࠨ୺ (Ϗοτϙδγϣϯ b1)ʹεΩϧϛΦϯΛ഑ஔ͠ɺεϐϯిྲྀΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯΛ
Ҡಈͤͨ͞ɻ͜͜Ͱεϐϯిྲྀ͸ిྲྀີ౓ j ͷిྲྀΛύϧε෯ tp ඵ͚ͩྲྀͨ͠ɻ͜ͷΑ͏ͳ৚݅Ͱిྲྀີ౓ͱύ
ϧε෯ΛมԽͤͨ͞ͱ͖ͷεΩϧϛΦϯͷ੩ࢭҐஔʹ͍ͭͯௐࠪͨ͠ɻ࣮֓ݧཁΛਤ ɻࣔ͢ʹ5.1
ਤ 5.1: ཁ֓ݧ࣮
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5.2 ਺ཧϞσϧ
5.2.1 ཭ࢄԽϞσϧ
ຊ࣮ݧͷ཭ࢄԽϞσϧΛਤ ɻࣔ͢ʹ5.2
ਤ 5.2: ཭ࢄԽϞσϧ
5.2.2 ৚݅ࢉܭྉఆ਺ͱࡐ
৚݅Λදࢉܭྉఆ਺ͱࡐͨ͠༺࢖ ɻࣔ͢ʹ5.1
ද 5.1: ৚݅ࢉܭྉఆ਺ͱࡐ
๞࿨࣓Խ Ms = 580 emu/cm3
εςΟϑωεఆ਺׵ަ A = 1.5µerg/cm
ҟํੑఆ਺ؾ࣓ (௨ৗ࣌) Ku = 8.0Merg/cm3
ҟํੑఆ਺ؾ࣓ (௿Լ࣌) Ku d = 7.5Merg/cm3
ଛࣦఆ਺ α = 0.3
ճసൺؾ࣓ γ = 17.6Mrad/s ·Oe
DMIఆ਺ D = 3.0 erg/cm2
෼ۃ཰ p = 0.4
ඇஅ೤߲ β = 0.3
ϘʔΞࢠ࣓ µB = 9.27408× 10−24 J/T
gyromagnetic splittingfactor g = 2.0× 1.001159657
ૉྔؾి e = 1.602189× 10−19 C
Έࠁؒ࣌ ∆t = 0.1 ps
ిྲྀҹՃޙͷ์ஔؒ࣌ ts = 50 ns
ిྲྀີ౓ j = 0 ∼ 100 MA/cm2
ύϧε෯ tp = 0 ∼ 30 ns
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5.3 Ռ݁ࢉܭ
5.3.1 εΩϧϛΦϯͷҠಈͱ੩ࢭҐஔ
·ͣϐχϯάαΠτ෯ L = 30 nmɺిྲྀີ౓ j = 50 MA/cm2ɺύϧε෯ tp = 6 nsʹݻఆ͠γϛϡϨʔγϣϯ
ΛͨͬߦɻεΩϧϛΦϯͷిྲྀۦಈͷ༷ࢠΛਤ ɻ͜͜Ͱਤࣔ͢ʹ5.3 5.3ͷ੺৭Ͱࣔ͞ΕΔྖҬ͸ؾ࣓ҟํੑ͕௿
Լ͍ͯ͠ΔྖҬΛࣔ͢ɻ
ਤ 5.3: εΩϧϛΦϯͷిྲྀۦಈͷ༷ࢠ
ਤ 5.3ΑΓɺεΩϧϛΦϯ͕εϐϯిྲྀʹΑͬͯ+xํ޲ʹҠಈ͢Δ͜ͱ͕֬ೝͰ͖ͨɻt = 6 nsͰిྲྀΛ੾ͬͨ
Β͔ࠨɺεΩϧϛΦϯ͸ޙ 2൪໨ͷ௿KuྖҬͷத৺ (Ϗοτϙδγϣϯ b2)ʹ͔ͯͬ޲Ҡಈ͢Δ͜ͱ͕෼͔ͬͨɻ
ɺύϧε෯Λʹ࣍ tp = 2 ∼ 14 nsͷൣғͰมԽͤ͞ɺεΩϧϛΦϯͷத৺Ґஔͷؒ࣌มԽΛௐࠪͨ͠ɻ݁ՌΛ
ਤ ɻࣔ͢ʹ5.4
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ਤ 5.4: εΩϧϛΦϯͷத৺Ґஔͷؒ࣌มԽ
ਤ 5.4ΑΓɺશͯͷύϧε෯ʹ͓͍ͯɺిྲྀΛ੾ͬͨޙɺεΩϧϛΦϯ͸ۙ͘ͷ௿KuྖҬͷத৺ (Ϗοτϙδ
γϣϯ)ʹ͔ͯͬ޲Ҡಈ͢Δ͜ͱ͕෼͔ͬͨɻεΩϧϛΦϯͷϏοτϙδγϣϯ͕ݻఆ͞Εɺύϧε෯ʹଟগͷޡ
͕ࠩੜͯ͡΋ϏοτϙδγϣϯʹࣗಈͰҠಈ͢Δ͜ͱ͔Βɺؾ࣓ҟํੑͷมௐʹΑΔҐஔ੍ޚͷ༗ޮੑ͕֬ೝͰ
͖ͨɻ
ɺύϧε෯ʹ࣍ tp ͱిྲྀີ౓ j ΛͦΕͧΕมԽͤͯ͞ɺεΩϧϛΦϯ͕࠷ऴతʹ੩͢ࢭΔϏοτϙδγϣϯΛ
ௐࠪͨ͠ɻ݁ՌΛਤ ɻࣔ͢ʹ5.5
ਤ 5.5: ύϧε෯ tp ͱిྲྀີ౓ j ʹΑΔ੩ࢭҐஔͷมԽ
ਤ 5.5͸εΩϧϛΦϯ͕֤৚݅ʹ͓͍ͯ࠷ऴతʹ੩ͨ͠ࢭϏοτϙδγϣϯΛද͢ɻ྘৭ͷྖҬͰ͸ిྲྀີ౓͕
େ͖͗͢ΔͨΊʹεΩϧϛΦϯ͕ྖҬ୺ʹিಥ͠յΕΔ͜ͱΛද͢ɻਤ 5.5ΑΓɺj < 40 MA/cm2ͷ৔߹ɺtpͷ
஋ʹΑΒͣεΩϧϛΦϯ͸Ҡಈ͠ͳ͍͜ͱ͕෼͔ͬͨɻj ≥ 40 mA/cm2ͷ৔߹ɺύϧε෯ʹΑͬͯ੩ࢭҐஔ͕ม
Խ͢Δ͜ͱ͕෼͔ͬͨɻj ≥ 60 MA/cm2ͷ৔߹ɺεΩϧϛΦϯ͕ྖҬ୺ʹিಥ͢Δ͜ͱͰյΕͯ͠·͏৔߹͕͋
Δ͜ͱ͕෼͔ͬͨɻҎ্ͷ݁ՌΑΓɺిྲྀີ౓͸ 60 ≥ j ≥ 40 MA/cm2 దͰ͋Δ͜ͱ͕෼͔ͬͨɻ࠷͕
ڀݚߦઌͨͬߦΛޚนͷҐஔ੍࣓͍ͯ༺ҟํੑΛมௐͨ͠ϨʔετϥοΫΛؾ࣓ɺʹ࣍ [26]ͱɺεΩϧϛΦϯ
ͷҐஔ੍ޚΛͨͬߦຊڀݚͷ݁ՌͷൺֱΛ͏ߦɻ
ઌڀݚߦΑΓɺ࣓นͷ৔߹ɺ࣍ͷϏοτϙδγϣϯʹҠಈ͢ΔͨΊʹඞཁͳిྲྀີ౓ͷᮢ஋͸໿ 60 MA/cm2Ͱ
͋ͬͨɻຊڀݚͷ݁ՌΑΓɺεΩϧϛΦϯͷ৔߹ɺ࣍ͷϏοτϙδγϣϯʹҠಈ͢ΔͨΊʹඞཁͳిྲྀີ౓ͷᮢ஋
͸ 40 MA/cm2Ͱ͋ͬͨɻΑͬͯɺϨʔετϥοΫϝϞϦͷ৘ใૉࢠʹεΩϧϛΦϯΛ༻͍Δ͜ͱͰҠಈʹඞཁͳ
ిྲྀີ౓ᮢ஋Λ໿ 33%௿ݮͰ͖Δ͜ͱ͕෼͔ͬͨɻͨͩ͠ઌڀݚߦͰ͸ؾ࣓ҟํੑΛڒঢ়ʹ௿Լ͍ͤͯ͞Δͷʹ
ର͠ɺຊڀݚͰ͸ۣܗঢ়ʹ௿Լ͍ͤͯ͞ΔͨΊɺؾ࣓ҟํੑͷมௐʹΑΔϐχϯά͕ΑΓݱ͘ڧΘΕ͍ͯΔͱߟ
͑ΒΕΔɻؾ࣓ҟํੑΛڒঢ়ʹ௿Լͤ͞Δ͜ͱͰɺҠಈʹඞཁͳిྲྀີ౓ᮢ஋Λ͞Βʹ௿͢ݮΔ͜ͱ͕ՄೳͰ͋
Δͱ͑ߟΒΕΔɻ
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5.4 ·ͱΊ
ɺͦͷ༗ޮ͍ߦಈγϛϡϨʔγϣϯΛۦҟํੑΛมௐͨ͠ϨʔετϥοΫʹ͓͍ͯɺεΩϧϛΦϯͷిྲྀؾ࣓
ੑΛௐࠪͨ͠ɻ
ϨʔετϥοΫ্ͷҰ෦ྖҬͷؾ࣓ҟํੑΛ௿Լͤ͞ɺؾ࣓ҟํੑͷҟͳΔྖҬ͕ަޓʹฒͿΑ͏ͳϨʔετ
ϥοΫͰ࣮ݧΛͨͬߦɻϨʔετϥοΫͷࠨ୺ʹεΩϧϛΦϯΛ഑ஔ͠ɺεϐϯిྲྀΛҹՃ͢Δ͜ͱͰεΩϧϛ
ΦϯΛҠಈͤͨ͞ɻ
γϛϡϨʔγϣϯ݁ՌΑΓɺεΩϧϛΦϯ͕εϐϯిྲྀʹΑͬͯ+xํ޲ʹҠಈ͢Δ͜ͱ͕֬ೝͰ͖ͨɻ·ͨి
ྲྀΛ੾ͬͨޙɺεΩϧϛΦϯ͸ۙ͘ͷ௿KuྖҬͷத৺ (Ϗοτϙδγϣϯ)ʹ͔ͯͬ޲Ҡಈ͢Δ͜ͱ͕෼͔ͬͨɻ
εΩϧϛΦϯͷϏοτϙδγϣϯ͕ݻఆ͞Εɺύϧε෯ʹଟগͷ͕ࠩޡੜͯ͡΋ϏοτϙδγϣϯʹࣗಈͰҠಈ
͢Δ͜ͱ͔Βɺؾ࣓ҟํੑͷมௐʹΑΔҐஔ੍ޚͷ༗ޮੑ͕֬ೝͰ͖ͨɻ
ɺύϧε෯ʹ࣍ tp ͱిྲྀີ౓ j ΛͦΕͧΕมԽͤͯ͞ɺεΩϧϛΦϯ͕࠷ऴతʹ੩͢ࢭΔϏοτϙδγϣϯΛ
ௐࠪͨ͠ɻj < 40 MA/cm2ͷ৔߹ɺtpͷ஋ʹΑΒͣεΩϧϛΦϯ͸Ҡಈ͠ͳ͍͜ͱ͕෼͔ͬͨɻj ≥ 40 MA/cm2
ͷ৔߹ɺύϧε෯ʹΑͬͯ੩ࢭҐஔ͕มԽ͢Δ͜ͱ͕෼͔ͬͨɻj ≥ 60 MA/cm2ͷ৔߹ɺεΩϧϛΦϯ͕ྖҬ୺
ʹিಥ͢Δ͜ͱͰյΕͯ͠·͏৔߹͕͋Δ͜ͱ͕෼͔ͬͨɻҎ্ͷ݁ՌΑΓɺిྲྀີ౓͸ 60 ≥ j ≥ 40 MA/cm2
దͰ͋Δ͜ͱ͕෼͔ͬͨɻ࠷͕
͍༺εΩϧϛΦϯΛʹࢠɺϨʔετϥοΫϝϞϦͷ৘ใૉ͍ߦͱൺֱΛڀݚߦนΛ༻͍ͨ৔߹ͷઌ࣓ɺʹޙ࠷
Δ͜ͱͰҠಈʹඞཁͳిྲྀີ౓ᮢ஋Λ໿ 33%௿ݮͰ͖Δ͜ͱ͕෼͔ͬͨɻ
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௚ઢߏ଄ͷϨʔετϥοΫϝϞϦʹ͸྆୺͕ଘ͠ࡏɺ୺෇ۙͷσʔλʹΞΫηε͢Δʹ͸௕͍͕ؒ࣌ඞཁʹͳ
Δɻ͞Βʹɺยํͷ୺෇ۙͷσʔλΛಡΈॻ͖͢Δͱ͖ɺ൓ରଆͷ୺෇ۙʹอ͍ͯ࣋͠Δσʔλ͕ࡉੑ࣓ઢͷྖҬ
୺ʹিಥͯ͠ফ໓͠ͳ͍Α͏ʹ௥Ճͷ༧උྖҬΛ྆୺ʹ௥Ճ͢Δඞཁ͕͋Δɻ͜ΕΒͷ໰୊Λղܾ͢ΔͨΊɺϨʔ
ετϥοΫͷ྆୺Λ؀ͨ͛ܨঢ়ϨʔετϥοΫ͕ఏҊ͞Εͨɻ؀ঢ়ϨʔετϥοΫͷ࣮ݱʹΑͬͯه࿥ີ౓ٴͼ
୺෇ۙͷσʔλ΁ͷΞΫηε଎౓ͷظ্͕޲଴͞ΕΔɻͨͩ͠ɺ؀ঢ়ϨʔετϥοΫʹ͓͍ͯεΩϧϛΦϯ͕྆
ҟํੑͷมௐʹΑΔεΩϧϛΦϯͷؾ࣓ͨ͠౼ݕ೉Ͱ͋ΓɺલষͰࠔΛ഑ஔ͢Δͷ͸ۃిʹҠಈ͢ΔΑ͏ʹ޲ํ
Ͱ͖ͳ͍ͱ͍͏໰୊͕͋ΔɻݱҠಈ͕࣮޲Ͱ͸ɺ؀ঢ়ϨʔετϥοΫʹ͓͚Δ྆ํޚಈ੍ۦྲྀి
؀ঢ়ϨʔετϥοΫʹ͓͚Δ྆ํ޲΁ͷҠಈΛ࣮͢ݱΔͨΊɺ࣓քʹΑΔεΩϧϛΦϯͷҠಈΛఏҊͨ͠ɻεΩ
ϧϛΦϯʹ࣓քΛҹՃ͢ΔͱɺεΩϧϛΦϯͷ௚ܘ͸มԽ͢Δ͕Ҡಈ͸͠ͳ͍ɻ࣓քʹΑͬͯεΩϧϛΦϯΛҠ
ಈͤ͞ΔͨΊʹ͸ϨʔετϥοΫʹ޻෉Λ͢Δඞཁ͕͋ΔɻຊষͰఏҊ͢Δख๏͸ɺΤϯθϧϑΟογϡϨʔετ
ϥοΫΛ༻͍Δख๏Ͱ͋ΔɻΤϯθϧϑΟογϡϨʔετϥοΫ͸ɺݩʑ͸ؾ࣓όϒϧΛҠಈͤ͞Δख๏ͱͯ͠ఏ
Ҋ͞Εͨ΋ͷͰ͋Γɺ͜ΕΛεΩϧϛΦϯʹԠ༻͠Ґஔ੍ޚΛ͏ߦɻΤϯθϧϑΟογϡϨʔετϥοΫͱ͸ɺ࣓
քΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯ࣓ྲྀަʹ޲ঢ়ʹ௿Լͤͨ͞ϨʔετϥοΫͰ͋Δɻ໘௚ํ࠯ܗ֯ࡾҟํੑΛؾ
ΛҠಈͤ͞Δɻ·ͨަྲྀ࣓ք͸Ґ૬ͷҟͳΔ̎छྨΛҹՃ͠ɺҐ૬ʹΑͬͯεΩϧϛΦϯͷҠಈํ޲Λ੾ସ͑Δɻ
લষͰݕ౼ͨ͠ख๏ͱಉ༷ʹɺؾ࣓ҟํੑͷมௐ͸ΠΦϯরࣹΛ༻͍Δ͜ͱͰ࣮ݱՄೳͰ͋Γɺ෺ཧతͳՃ޻
Λ͢Δඞཁ͕ͳ͍ɻΑͬͯ෺ཧతͳ੾Γ͖ܽ෦Λ࡞੒͢Δख๏ΑΓ࣮ੑݱ΍ྔੑ࢈ʹ༏ΕΔͱ͑ߟΒΕΔɻ
ຊষͰ͸ΤϯθϧϑΟογϡϨʔετϥοΫʹ͓͚Δަྲྀ࣓քʹΑΔεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯΛߦ
͍ɺͦͷ༗ޮੑΛௐࠪͨ͠ɻ
6.1 ཁ֓ݧ࣮
ϨʔετϥοΫͷؾ࣓ҟํੑΛ࠯ܗ֯ࡾঢ়ʹ௿Լͤͯ͞ΤϯθϧϑΟογϡϨʔετϥοΫͱͨ͠ɻதԝʹεΩ
ϧϛΦϯΛ഑ஔ͠ɺ໘௚ํ࣓ྲྀަʹ޲քΛҹՃͨ͠ɻ͜͜Ͱަྲྀ࣓քͷ͞ڧHmaxɺύϧε෯ tp ͱͨ͠ɻ·ͨަ
,ք͸Ґ૬ͷҟͳΔ̎छྨΛҹՃͨ͠ɻͦΕͧΕH+ext࣓ྲྀ H
−
ext ͱఆٛ͢Δɻ࣮֓ݧཁΛਤ ɻࣔ͢ʹ6.1
ਤ 6.1: ཁ֓ݧ࣮
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6.2 ਺ཧϞσϧ
6.2.1 ཭ࢄԽϞσϧ
ຊ࣮ݧͷ཭ࢄԽϞσϧΛਤ ɻࣔ͢ʹ6.2
ਤ 6.2: ཭ࢄԽϞσϧ
6.2.2 ৚݅ࢉܭྉఆ਺ͱࡐ
৚݅Λදࢉܭྉఆ਺ͱࡐͨ͠༺࢖ ɻࣔ͢ʹ6.1
ද 6.1: ৚݅ࢉܭྉఆ਺ͱࡐ
๞࿨࣓Խ Ms = 580 emu/cm3
εςΟϑωεఆ਺׵ަ A = 1.5µerg/cm
ҟํੑఆ਺ؾ࣓ (௨ৗ࣌) Ku = 8.0Merg/cm3
ҟํੑఆ਺ؾ࣓ (௿Լ࣌) Ku = 7.0Merg/cm3
ճసൺؾ࣓ γ = 17.6Mrad/s ·Oe
DMIఆ਺ D = 3.0 erg/cm2
Έࠁؒ࣌ ∆t = 0.1 ps
͞ڧքͷ࣓ྲྀަ Hmax = 400 ∼ 1200 Oe
ύϧε෯ tp = 0.5 ∼ 10 ns
ଛࣦఆ਺ α = 0.1 ∼ 0.6
Ҭͷྖܗ֯ࡾ xํ޲௕͞ Lx = 14 ∼ 34 nm
Ҭͷྖܗ֯ࡾ yํ޲௕͞ Ly = 14 ∼ 34 nm
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6.3 Ռ݁ࢉܭ
·ͣΤϯθϧϑΟογϡϨʔετϥοΫʹεΩϧϛΦϯΛ഑ஔ͠ɺަྲྀ࣓քΛҹՃͨ͠ͱ͖ͷεΩϧϛΦϯͷҠ
ಈʹ͍ͭͯௐࠪͨ͠ɻ࣍ʹεΩϧϛΦϯ͕ҠಈՄೳͳަྲྀ࣓քͷൣғΛௐࠪͨ͠ɻ࣍ʹΤϯθϧϑΟογϡͷେ͖
͞ΛมԽͤͨ͞ͱ͖ͷҠಈ৚݅Λௐࠪͨ͠ɻ࣍ʹεΩϧϛΦϯΛෳ਺ݸ഑ஔͨ͠ͱ͖ͷҠಈՄೳੑʹ͍ͭͯௐࠪ
ͨ͠ɻޙ࠷ʹΤϯθϧϑΟογϡϨʔετϥοΫ্ͷεΩϧϛΦϯ͕Ҡಈ͢Δཧ༝ʹ͍ͭͯͨ͠࡯ߟɻ
6.3.1 քҹՃʹΑΔεΩϧϛΦϯͷҠಈ࣓ྲྀަ
৚݅Λදࢉܭͣ· 6.2ͷΑ͏ʹݻఆ͠ɺަྲྀ࣓քʹΑΔεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯΛͨͬߦɻ
ද 6.2: ৚݅ࢉܭ
͞ڧքͷ࣓ྲྀަ Hmax = 1000 Oe
ύϧε෯ tp = 2.0 ns
ଛࣦఆ਺ α = 0.3
Ҭͷྖܗ֯ࡾ xํ޲௕͞ Lx = 22 nm
Ҭͷྖܗ֯ࡾ yํ޲௕͞ Ly = 22 nm
քH+ext,H࣓ྲྀަ
−
extΛҹՃͨ͠৔߹ͷεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯ݁ՌΛਤ ɻ·ͨ͜ͷࣔ͢ʹ6.3,6.4
ͱ͖ͷεΩϧϛΦϯͷ௚ܘRͷؒ࣌มԽΛਤ ҹՃͨ͠ͱ͖ͷظքΛ࿈ଓͯ̏͠प࣓ɻ͞Βʹɺަྲྀࣔ͢ʹ6.5,6.6
εΩϧϛΦϯத৺ͷ x࠲ඪͷؒ࣌มԽΛਤ ɻࣔ͢ʹ6.7,6.8
ਤ 6.3: H+ext ʹΑΔεΩϧϛΦϯҠಈͷ༷ࢠ ਤ 6.4: H
−
ext ʹΑΔεΩϧϛΦϯҠಈͷ༷ࢠ
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ਤ 6.5: H+ext ʹΑΔ Rͷؒ࣌มԽ ਤ 6.6: H
−
ext ʹΑΔ Rͷؒ࣌มԽ
ਤ 6.7: H+ext ʹΑΔεΩϧϛΦϯத৺ͷ x࠲ඪͷؒ࣌มԽ
ਤ 6.8: H−ext ʹΑΔεΩϧϛΦϯத৺ͷ x࠲ඪͷؒ࣌มԽ
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ਤ 6.3,6.4ΑΓɺަྲྀ࣓ք̍पظΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯ͕௚ܘΛมԽͤ͞ͳ͕Β̍ͭྡͷϙδγϣϯʹ
Ҡಈ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖ͨɻ·ͨ tp = 2 nsͰ Lx = 22 nmͷڑ཭ΛҠಈ͍ͯ͠Δ͜ͱ͔ΒɺεΩϧϛΦϯͷ
Ҡಈ଎౓͸ v = 22/2 = 11 m/sͱࢉܭͰ͖Δɻ͜Ε͸εΩϧϛΦϯͷిྲྀۦಈʹ͓͍ͯిྲྀີ౓ j = 50 MA/cm2
ͱͨ͠৔߹ͷ଎౓ʹ͍ۙ஋Ͱ͋Δ [8]ɻΑͬͯަྲྀ࣓քʹΑΔҠಈʹ͓͍ͯಈ࡞଎౓͸े෼Ͱ͋Δ͜ͱ͕ࣔ͞Εͨɻ
·ͨɺH+extΛҹՃͨ͠৔߹͸ −xํ޲ʹҠಈ͠ɺH−extΛҹՃͨ͠৔߹͸ +xํ޲ʹҠಈ͍ͯ͠ΔɻΑͬͯަྲྀ
มԽ͢Δ͜ͱ͕෼͔ͬͨɻ͜ΕΑΓɺ؀ঢ়Ϩʔετ͕޲քͷҐ૬Λ൓స͢Δ͜ͱʹΑΓɺεΩϧϛΦϯͷҠಈํ࣓
ϥοΫʹ͓͚ΔεΩϧϛΦϯͷ྆ํ޲ҠಈͷՄೳੑ͕ࠦࣔ͞Εͨɻ
ਤ 6.5,6.6ΑΓɺεΩϧϛΦϯͷ௚͕ܘҹՃͨ͠ަྲྀ࣓քͱڞʹมԽ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖ͨɻަྲྀ࣓ք͕ z
ք͕࣓ྲྀަʹٯେ͖͘ɺ͕ܘҹՃ͞Ε͍ͯΔ৔߹͸εΩϧϛΦϯͷ௚ʹ޲ਖ਼ํ࣠ z ҹՃ͞Ε͍ͯΔ৔ʹ޲ෛํ࣠
߹͸εΩϧϛΦϯͷ௚͕ܘখ͘͞ͳ͍ͬͯΔ͜ͱ͕෼͔ͬͨɻ
ਤ 6.7ΑΓɺH+ext ʹΑΔ −xํ޲΁ͷҠಈͷ৔߹ɺHmax = 1000 Oeͷͱ͖ʹ͸εΩϧϛΦϯ͕ަྲྀ࣓ք 1प
Ͱظ 1ͭྡͷϙδγϣϯʹҠಈ͠ɺ3पظҹՃͨ͠ޙʹ͸ 3ͭྡͷϙδγϣϯʹҠಈ͍ͯ͠Δ͜ͱ͕෼͔ͬͨɻ͠
͔͠ Hmax = 1100 Oe·ͨ͸ Hmax = 900 Oeͷ৔߹ʹ͸ަྲྀ࣓քΛ 3पظҹՃͯ͠΋ 3ͭྡͷϙδγϣϯʹҠ
ಈ͢Δ͜ͱ͸Ͱ͖ͳ͍ɻ͜ΕΑΓɺεΩϧϛΦϯͷҠಈͷՄ൱͸ަྲྀ࣓քͷ͞ڧʹґଘ͠ɺަྲྀ࣓ք͕աେ·ͨ
͸աখͰ͋Δ৔߹ʹ͸ҠಈෆՄೳͰ͋Δ͜ͱ͕෼͔ͬͨɻ·ͨਤ 6.8ΑΓɺH−ext ʹΑΔ +xํ޲΁ͷҠಈͷ৔߹
΋ಉ༷ʹεΩϧϛΦϯͷҠಈͷՄ൱͸ަྲྀ࣓քͷ͞ڧʹґଘ͠ɺަྲྀ࣓ք͕աେ·ͨ͸աখͰ͋Δ৔߹ʹ͸Ҡಈ
ෆՄೳͰ͋Δ͜ͱ͕෼͔ͬͨɻ
6.3.2 ΤϯθϧϑΟογϡϨʔετϥοΫʹ͓͚ΔεΩϧϛΦϯҠಈ৚݅ͷௐࠪ
લ߲ͷ݁ࢉܭՌΑΓɺεΩϧϛΦϯͷҠಈͷՄ൱͸ަྲྀ࣓քͷ͞ڧʹґଘ͍ͯ͠Δ͜ͱ͕෼͔ͬͨɻަྲྀ࣓ք͕
͋Δ஋ΑΓ΋աେ·ͨ͸աখͰ͋Δ৔߹ʹҠಈෆՄೳͰ͋ΔͨΊɺεΩϧϛΦϯΛਖ਼֬ʹҠಈͤ͞Δ͜ͱ͕Ͱ͖
Δަྲྀ࣓քͷൣғ͕ଘ͢ࡏΔɻͦͷൣғ͕͚޿Ε͹͍޿ఔಈ࡞Ϛʔδϯ͕େ͖͘ͳΓಈ҆࡞ఆੑͷ͕ܨʹ্޲Δ
ͨΊɺΑΓ͍޿ಈ࡞Մೳ࣓քൣғΛٻΊΔඞཁ͕͋Δɻ
ͦͷൣғΛٻΊΔͨΊɺύϧε෯ tpɺଛࣦఆ਺ αΛมԽͤ͞ͳ͕ΒεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯΛߦ
͍ɺಈ࡞Մೳ࣓քൣғΛௐࠪͨ͠ɻຊ࣮ݧͰ͸εΩϧϛΦϯΛϨʔετϥοΫ্ʹ഑ஔ͠ɺަྲྀ࣓քΛ 3पظҹ
Ճͨ͠ޙɺεΩϧϛΦϯ͕ 3ͭྡͷϙδγϣϯʹҠಈ͍ͯ͠Δ͔൑ఆͨ͠ɻ·ͣॳΊʹଛࣦఆ਺Λ α = ݻʹ0.3
ఆ͠ɺύϧε෯ tp = 0.5 ∼ 10 nsͱมԽͤͨ͞ɻ࣍ʹύϧε෯Λ tp = 2.0 nsʹݻఆ͠ɺଛࣦఆ਺ α = 0.1 ∼ 0.6
ͱมԽͤͨ͞ɻ
·ͣଛࣦఆ਺Λ α = ఆ͠ɺύϧε෯ݻʹ0.3 tp = 0.5 ∼ 10 nsͱมԽͤͨ͞৔߹ͷ݁ՌΛਤ ɻࣔ͢ʹ6.9,6.10
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ਤ 6.9: H+ext ʹΑΔಈ࡞Մೳ࣓քൣғͷ tp ޮՌ
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ਤ 6.10: H−ext ʹΑΔಈ࡞Մೳ࣓քൣғͷ tp ޮՌ
ਤ 6.9ΑΓɺH+ext ʹΑΔ −xํ޲΁ͷҠಈͷ৔߹ɺtp = 1.5 nsͷͱ͖ʹ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΓɺͦ
ͷൣғ͸ 140 OeͰ͋Δ͜ͱ͕෼͔ͬͨɻ
ਤ 6.10ΑΓɺH−ext ʹΑΔ +xํ޲΁ͷҠಈͷ৔߹ɺtp = 2.0 ns·ͨ͸ tp = 2.5 nsͷͱ͖ͷΈҠಈՄೳͰ͋Δ
͜ͱ͕෼͔ͬͨɻ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΔͷ͸ tp = 2.0 nsͷͱ͖Ͱ͋Γɺͦͷൣғ͸ 60 OeͰ͋Δ͜ͱ
͕෼͔ͬͨɻ
ଓ͍ͯɺύϧε෯Λ tp = 2.0 nsʹݻఆ͠ɺଛࣦఆ਺ α = 0.1 ∼ 0.6ͱมԽͤͨ͞৔߹ͷ݁ՌΛਤ 6.11,6.12ʹ
ɻࣔ͢
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ਤ 6.11: H+ext ʹΑΔಈ࡞Մೳ࣓քൣғͷ αޮՌ
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ਤ 6.12: H−ext ʹΑΔಈ࡞Մೳ࣓քൣғͷ αޮՌ
ਤ 6.11ΑΓɺH+extʹΑΔ−xํ޲΁ͷҠಈͷ৔߹ɺα = 0.1, 0.2ͷͱ͖ʹ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΓɺͦ
ͷൣғ͸ 140 OeͰ͋Δ͜ͱ͕෼͔ͬͨɻ
ਤ 6.12ΑΓɺH−extʹΑΔ +xํ޲΁ͷҠಈͷ৔߹ɺα = 0.1 ∼ 0.4ͷͱ͖ʹ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΓɺ
ͦͷൣғ͸ 60 OeͰ͋Δ͜ͱ͕෼͔ͬͨɻ
6.3.3 ΤϯθϧϑΟογϡͷେ͖͞ʹΑΔεΩϧϛΦϯҠಈ৚݅ͷมԽ
͜͜·Ͱ͸ΤϯθϧϑΟογϡͷେ͖͕͞Ұఆͷ৚݅Ͱௐ͖͕ࠪͯͨ͠ɺΑΓ͍޿ಈ࡞Մೳ࣓քൣғΛಘΔͨΊ
ʹɺྖܗ֯ࡾҬͷେ͖͞ΛมԽͤͨ͞ͱ͖ͷεΩϧϛΦϯҠಈ৚݅Λௐࠪͨ͠ɻ͜͜Ͱ͸ tp = 2.0 nsɺα = 0.3ʹ
Ҭͷྖܗ֯ࡾఆ͠ɺݻ xํ޲௕͞ٴͼ yํ޲௕͞Λ Lx = 14 ∼ 34 nm,Ly = 14 ∼ 34 nmͷൣғͰมԽͤͨ͞ɻ͜
͜Ͱ Lx = Ly ɻͨͬߦΛࢉܭ͍͓ͯʹͤ߹Βͣɺશͯͷ૊ݶʹ
H+ext ΛҹՃͨ͠৔߹
݁ՌΛਤ ɻࣔ͢ʹ6.13-6.21
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ਤ 6.13: H+ext,Lx=14 nm
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ਤ 6.14: H+ext,Lx=16 nm
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ਤ 6.15: H+ext,Lx=18 nm
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ਤ 6.16: H+ext,Lx=20 nm
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ਤ 6.17: H+ext,Lx=22 nm
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ਤ 6.18: H+ext,Lx=24 nm
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ਤ 6.19: H+ext,Lx=26 nm
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ਤ 6.20: H+ext,Lx=28 nm
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ਤ 6.21: H+ext,Lx=30 nm
ਤ 6.13-6.21ΑΓɺH+extʹΑΔ−xํ޲΁ͷҠಈͰ࠷΋ಈ࡞Մೳ࣓քൣғ͕͍޿ͷ͸ Lx = 26 nmɺLy = 18 nm
ͷͱ͖Ͱ͋Δ͜ͱ͕෼͔ͬͨɻͦͷͱ͖ͷಈ࡞Մೳ࣓քൣғ͸ 220 OeͰ͋Δɻ
ɺLxʹ࣍ = 26 nmɺLy = 18 nmʹ͓͚Δɺಈ࡞Մೳ࣓քൣғͷ tpޮՌɺαޮՌΛௐࠪͨ͠ɻ݁ՌΛਤ 6.22,6.23
ɻࣔ͢ʹ
 400
 500
 600
 700
 800
 900
 1000
 1100
 1200
 0  1  2  3  4  5  6  7  8  9  10
H
E
X
T
 (O
e)
tp (ns)
α=0.3,Lx=26nm,Ly=18nm
ਤ 6.22: Lx = 26 nmɺLy = 18 nmʹ͓͚Δಈ࡞Մೳ࣓
քൣғͷ tp ޮՌ
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ਤ 6.23: Lx = 26 nmɺLy = 18 nmʹ͓͚Δಈ࡞Մೳ࣓
քൣғͷ αޮՌ
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ਤ 6.22ΑΓɺ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΔύϧε෯͸ tp = 2.0 nsͷ৔߹Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ·ͨਤ
6.23ΑΓɺ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΔଛࣦఆ਺͸ α = 0.3ͷ৔߹Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ
Ҏ্ͷ݁ՌΑΓɺ࠷΋ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΔ৚݅͸ Lx = 26 nmɺLy = 18 nmɺtp = 2.0 nsɺα = 0.3ͷ
৔߹Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ·ͨ͜ͷͱ͖ͷಈ࡞Մೳ࣓քൣғ͸ 220 OeͰ͋Δɻ
H−ext ΛҹՃͨ͠৔߹
݁ՌΛਤ ɻࣔ͢ʹ6.24-6.32
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ਤ 6.24: H−ext,Lx=14 nm
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ਤ 6.25: H−ext,Lx=16 nm
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ਤ 6.26: H−ext,Lx=18 nm
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ਤ 6.27: H−ext,Lx=20 nm
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ਤ 6.28: H−ext,Lx=22 nm
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ਤ 6.29: H−ext,Lx=24 nm
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ਤ 6.30: H−ext,Lx=26 nm
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ਤ 6.31: H−ext,Lx=28 nm
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ਤ 6.32: H−ext,Lx=30 nm
ਤ 6.24-6.32ΑΓɺH−extʹΑΔ+xํ޲΁ͷҠಈͰ࠷΋ಈ࡞Մೳ࣓քൣғ͕͍޿ͷ͸Lx = 22 nmɺLy = 22 nmɺ
·ͨ͸ Lx = 24 nmɺLy = 22 nmͷͱ͖Ͱ͋Δ͜ͱ͕෼͔ͬͨɻͦͷͱ͖ͷಈ࡞Մೳ࣓քൣғ͸ 60 OeͰ͋Δɻ
ਤ 6.13-6.32ΑΓɺ྆ํ޲΁ͷҠಈΛྀ͢ߟΔͱɺLx = 24 nmɺLy = 22 nmͷ৚͕݅࠷దͰ͋Δɻͦͷͱ͖ͷ
ಈ࡞Մೳ࣓քൣғ͸ −xํ޲΁ͷҠಈ͕ 120 Oeɺ+xํ޲΁ͷҠಈ͕ 60 OeͰ͋Δɻ
6.3.4 ෳ਺ͷεΩϧϛΦϯͷҠಈ
͜͜·Ͱ͸εΩϧϛΦϯΛ͚̍ͭͩ഑ஔͨ͠৔߹ʹ͍ͭͯௐ͖ࠪͯͨ͠ɻ͔࣮͠͠ࡍʹϝϞϦͱͯ͠ར༻͢Δ
ͱ͖ʹ͸ෳ਺ݸฒ΂ͯҠಈͤ͞Δඞཁ͕͋ΔɻεΩϧϛΦϯΛෳ਺ݸ഑ஔ͢ΔࡍɺεΩϧϛΦϯಉ࢜ͷڑ཭Λॖ
ΊΔ͜ͱͰه࿥ີ౓ͷظ্͕޲଴͞ΕΔɻҰํɺεΩϧϛΦϯؒͷڑ཭͕୹͍ͱ൓ൃྗ͕ಇͨ͘ΊɺεΩϧϛΦ
ϯͷҠಈ͕๦͛ΒΕΔՄೳੑ͕͋Δɻ͜͜Ͱ͸ΤϯθϧϑΟογϡϨʔετϥοΫʹ༷ʑͳִؒͰεΩϧϛΦϯΛ
5ͭ഑ஔ͠ɺҠಈՄೳੑʹ͍ͭͯௐࠪͨ͠ɻ͜͜Ͱࢉܭ৚݅͸ද 6.3ͷΑ͏ʹݻఆͨ͠ɻ
ද 6.3: ৚݅ࢉܭ
͞ڧքͷ࣓ྲྀަ Hmax = 960 Oe
ύϧε෯ tp = 2.0 ns
ଛࣦఆ਺ α = 0.3
Ҭͷྖܗ֯ࡾ xํ޲௕͞ Lx = 22 nm
Ҭͷྖܗ֯ࡾ yํ޲௕͞ Ly = 22 nm
εΩϧϛΦϯΛྖܗ֯ࡾҬ 3ͭຖʹ഑ஔͨ͠৔߹ͷγϛϡϨʔγϣϯ݁ՌΛਤ Ҭྖܗ֯ࡾͨ·ɻࣔ͢ʹ6.33 2
ͭຖʹ഑ஔͨ͠৔߹ͷγϛϡϨʔγϣϯ݁ՌΛਤ ɻࣔ͢ʹ6.34
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ਤ 6.33: Ҭྖܗ֯ࡾ 3ͭຖʹ഑ஔͨ͠৔߹ͷεΩϧϛΦ
ϯҠಈͷ༷ࢠ
ਤ 6.34: Ҭྖܗ֯ࡾ 2ͭຖʹ഑ஔͨ͠৔߹ͷεΩϧϛΦ
ϯҠಈͷ༷ࢠ
ਤ 6.33ΑΓɺྖܗ֯ࡾҬ 3ͭຖʹ഑ஔͨ͠৔߹͸ 5ͭͷεΩϧϛΦϯશ͕ͯҰͭྡͷϙδγϣϯʹҠಈՄೳͰ
͋Δ͜ͱ͕෼͔ͬͨɻҰํɺਤ 6.34ΑΓɺྖܗ֯ࡾҬ 2ͭຖʹ഑ஔͨ͠৔߹͸εΩϧϛΦϯಉ͕࢜൓ൃ͠ɺҰ൪
ӈͷεΩϧϛΦϯ͕Ҡಈ͍ͯ͠ͳ͍͜ͱ͕෼͔ͬͨɻ
Ҭྖܗ֯ࡾ 3ͭຖʹ഑ஔͨ͠৔߹ɺ͜ͷϨʔετϥοΫϝϞϦͷه࿥ີ౓Λ͢ࢉܭΔͱɺ187 Gbit/in2 Ͱ͋Δ
͜ͱ͕෼͔ͬͨɻ
ຊڀݚͰ༻͍ͨ৚݅Ͱ͸ɺަྲྀ࣓քΛҹՃ͠ͳ͍ͱ͖ͷεΩϧϛΦϯͷ௚ܘ͸D = 17 nmఔ౓ͩͬͨɻΑΓখ
͞ͳαΠζͷεΩϧϛΦϯ͕ଘ͢ࡏΔΑ͏ͳࡐੑ࣓ྉΛ༻͍Δ͜ͱͰྖܗ֯ࡾҬΛখ͘͢͞Δ͜ͱ͕ՄೳʹͳΓɺ
ͷࡏݱΒΕΔɻ͑ߟΔͱ্͢޲࿥ີ౓͕ه HDDͷه࿥ີ౓͸໿ 1 Tbit/in2 Ͱ͋Δ͔ΒɺεΩϧϛΦϯͷ௚͕ܘ
໿ 1/
√
5ɺ͢ͳΘͪD = 7 ∼ 8 nmͱͳΔΑ͏ͳࡐੑ࣓ྉΛ༻͍Δ͜ͱͰɺࡏݱͷ HDDͱಉ౳ͷه࿥ີ౓Λ࣮ݱ
Ͱ͖Δ͜ͱ͕෼͔ͬͨɻ
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6.3.5 εΩϧϛΦϯͷҠಈϝΧχζϜ
Δɻ͢࡯ߟ͍ͯͭʹɺΤϯθϧϑΟογϡϨʔετϥοΫ্ͷεΩϧϛΦϯ͕͜ͷΑ͏ͳҠಈΛ͢Δཧ༝ʹޙ࠷
քΛҹՃ࣓ྲྀަʹΔɻ͜ͷ৔߹ɺεΩϧϛΦϯ͑ߟ͍ͯͭʹҟํੑͷมௐΛ͍ͯ͠ͳ͍ϨʔετϥοΫؾ࣓ͣ·
ͯ͠΋ɺεΩϧϛΦϯ͸Ҡಈͤͣ௚ܘΛมԽͤ͞ΔͷΈͱͳΔɻ͜Ε͸ɺεΩϧϛΦϯͷҐஔʹ͔͔ΘΒͣΤω
ϧΪʔ͕ҰఆͱͳΔ͔ΒͰ͋Δɻ͔͠͠ຊ࣮ݧͷΑ͏ʹ࠯ܗ֯ࡾঢ়ʹؾ࣓ҟํੑΛมௐͨ͠৔߹ɺεΩϧϛΦϯ
͕ଘ͢ࡏΔҐஔʹΑͬͯΤωϧΪʔ͸มԽ͢Δɻ͜ΕΛͨࣔ͢ΊʹεΩϧϛΦϯΛϨʔετϥοΫ্ͷ༷ʑͳҐ
ஔʹ഑ஔ͠ɺ֤Ґஔʹ഑ஔͨ͠ͱ͖ͷΤωϧΪʔΛٻΊɺΤωϧΪʔϚοϓΛ࡞੒ͨ͠ɻΤωϧΪʔϚοϓͷ࡞
੒ࢉܭ͍ͨ༺ʹ࣌৚݅Λද ੒ʹ༻͍ͨεΩϧϛΦϯ͸ɺεΩϧϛΦϯҠಈγ࡞ɻ·ͨΤωϧΪʔϚοϓࣔ͢ʹ6.4
ϛϡϨʔγϣϯͰٻΊͨ t = 0 ns࣌఺ʹ͓͚ΔεΩϧϛΦϯͰ͋Δɻ࡞੒ͨ͠ΤωϧΪʔϚοϓΛਤ ɻࣔ͢ʹ6.35
ද 6.4: ΤωϧΪʔϚοϓ࡞੒ʹ͓͚Δࢉܭ৚݅
͞ڧքͷ࣓ྲྀަ Hmax = 1000 Oe
ύϧε෯ tp = 2.0 ns
ଛࣦఆ਺ α = 0.3
Ҭͷྖܗ֯ࡾ xํ޲௕͞ Lx = 22 nm
Ҭͷྖܗ֯ࡾ yํ޲௕͞ Ly = 22 nm
ਤ 6.35: t = 0 ns࣌఺ͷεΩϧϛΦϯʹΑΔΤωϧΪʔϚοϓ
ਤ 6.35ʹ͓͚Δ੺఺͸ t = 0 ns࣌఺ʹ͓͚ΔεΩϧϛΦϯͷ࣮ࡍͷҐஔΛද͢ɻԣٴ࣠ͼॎ࣠͸εΩϧϛΦϯ
Λ഑ஔͨ͠࠲ඪΛද͠ɺ৭Ͱͦͷ࠲ඪʹ഑ஔͨ͠ͱ͖ͷΤωϧΪʔΛද͢ɻਤ 6.35ΑΓɺεΩϧϛΦϯ͕ଘ͢ࡏ
ΔҐஔʹΑͬͯΤωϧΪʔ͕มԽ͢Δ͜ͱ͕֬ೝͰ͖ͨɻྖܗ֯ࡾҬͷ಺ଆ͸શମతʹΤωϧΪʔ͕௿͘ɺ֎ଆ͸
ΤωϧΪʔ͕͍͜ߴͱ͕֬ೝͰ͖Δɻ·ͨ੺఺Ͱද͞ΕΔεΩϧϛΦϯͷ࣮ࡍͷҐஔͱɺΤωϧΪʔ͕࠷খͱͳ
ΔҐஔ͕Ұக͍ͯ͠Δ͜ͱ͔Βɺt = 0 ns࣌఺Ͱ͸εΩϧϛΦϯ͸ΤωϧΪʔ͕࠷΋௿͘ͳΔΑ͏ͳҐஔʹଘࡏ
͍ͯ͠Δ͜ͱ͕෼͔ͬͨɻ
ΊͨɻදٻมԽͨ͠৔߹ͷΤωϧΪʔϚοϓΛ͕ܘքʹΑͬͯ௚࣓ɺަྲྀʹ࣍ 6.3ͷ৚݅ʹ͓͍ͯަྲྀ࣓քΛҹ
Ճ͢ΔͱεΩϧϛΦϯ͸ਤ 6.36ͷΑ͏ʹ௚ܘΛมԽͤ͞ͳ͕ΒҠಈ͢Δɻ͜ͷ֤ؒ࣌ʹ͓͚Δେ͖͞ͷҟͳΔε
ΩϧϛΦϯΛϨʔετϥοΫ্ͷ༷ʑͳҐஔʹ഑ஔ͠ɺΤωϧΪʔϚοϓΛٻΊͨɻ·ͣH+extʹΑΔ−xํ޲΁
ͷҠಈͷ৔߹ʹ͍ͭͯɺٻΊͨΤωϧΪʔϚοϓΛਤ ɻࣔ͢ʹ6.37
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ਤ 6.36: H+ext ʹΑΔεΩϧϛΦϯҠಈͷ༷ࢠ
ਤ 6.37: ΔεΩϧϛΦϯͷΤω͚͓ʹ֤ؒ࣌
ϧΪʔϚοϓ
ਤ 6.37ΑΓɺεΩϧϛΦϯͷ௚͕ܘมԽ͢ΔʹͭΕͯΤωϧΪʔϚοϓ͕มԽ͍ͯ͠Δ͜ͱ͕෼͔ͬͨɻ·ͨ
ΤωϧΪʔϚοϓͰಛʹॏཁͳ఺͸ΤωϧΪʔ͕࠷খͱͳΔҐஔͰ͋ΔɻΤωϧΪʔ࠷খҐஔ͸εΩϧϛΦϯ͕
ଘ͠ࡏ΍͍͢৔ॴͰ͋ΓɺεΩϧϛΦϯ͸ΤωϧΪʔ࠷খҐஔʹ͔ͯͬ޲Ҡಈ͢Δͱ͑ߟΒΕΔɻΤωϧΪʔ࠷
খҐஔ͸εΩϧϛΦϯͷ௚͕ܘେ͖͘ͳͬͨͱ͖ʹ্ʹҠಈ͠ɺ·ͨݩʹ໭ΓɺࠨʹҠಈ͍ͯ͠Δ͜ͱ͕෼͔Δɻ
͜ͷΤωϧΪʔ࠷খҐஔͷҠಈʹ൐͍εΩϧϛΦϯ͕ࠨʹҠಈ͍ͯ͠Δͱ͑ߟΒΕΔɻ
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খҐஔ࠷Δɻ͜ͷΑ͏ͳΤωϧΪʔ͢࡯ߟ͍ͯͭʹΔཧ༝͜ىখҐஔͷมԽ͕࠷ɺ͜ͷΑ͏ͳΤωϧΪʔʹ࣍
ͷมԽ͸εΩϧϛΦϯԁप෦෼ͷؾ࣓ҟํੑʹΑΔ΋ͷͱ͑ߟΒΕΔɻεΩϧϛΦϯԁप෦෼ͷ࣓Խ͸໘಺ํ޲
Λ͍͍ͯ޲ΔͨΊؾ࣓ҟํੑΤωϧΪʔ͕͍ߴɻΑͬͯԁप෦෼͕ྖܗ֯ࡾҬͷ಺ଆʹଟؚ͘·Ε͍ͯΔ࣓ʹ࣌
Ҭͷ಺ଆʹؚ·Ε͍ͯΔ෦෼ͷྖܗ֯ࡾҟํੑΤωϧΪʔ͕௿͘ͳΔɻ͜͜ͰεΩϧϛΦϯͷԁप෦෼ͷ͏ͪؾ
௕͞Λ DWlen ͱఆٛ͢Δͱɺਤ Α͏ʹɺDWlenࣔ͢ʹ6.38 ͕௕͍৔߹ʹΤωϧΪʔ͕௿͘ͳΔͱ͑ߟΒΕΔɻ
͜ͷؔ܎Λͨࣔ͢ΊʹDWlen ͷϚοϓΛ࡞੒͠ɺΤωϧΪʔϚοϓͱൺֱͨ͠ɻ݁ՌΛਤ ɻࣔ͢ʹ6.40
ਤ 6.39,6.40ΑΓɺDWlenϚοϓͱΤωϧΪʔϚοϓʹ͸૬͕ؔؔ͋܎Δ͜ͱ͕෼͔ͬͨɻΑͬͯɺԁप෦෼͕
Εͨɻࣔ͞ҟํੑΤωϧΪʔ͕௿͘ͳΔ͜ͱ͕ؾ࣓ʹ࣌Ҭͷ಺ଆʹଟؚ͘·Ε͍ͯΔྖܗ֯ࡾ
εΩϧϛΦϯͷҠಈϝΧχζϜʹؔ͢Δ·ͱΊΛड़΂Δɻ·ͣ࠯ܗ֯ࡾঢ়ʹؾ࣓ҟํੑΛมௐͨ͜͠ͱʹΑΓɺ
εΩϧϛΦϯ͕ଘ͢ࡏΔҐஔʹΑͬͯΤωϧΪʔ͕มԽ͢Δɻ͞Βʹަྲྀ࣓քΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯͷ
௚͕ܘมԽ͢Δɻ௚ܘͷมԽʹ൐͍ΤωϧΪʔ͕࠷খͱͳΔҐஔ͕ঃʑʹҠಈ͢Δɻ͜ͷΤωϧΪʔ࠷খҐஔͷ
มԽʹ൐͍ɺεΩϧϛΦϯ͕Ҡಈ͍ͯ͠Δͱ͑ߟΒΕΔɻ·ͨ͜ͷΑ͏ͳΤωϧΪʔ࠷খҐஔͷมԽ͸ɺDWlen
ʹΑΔؾ࣓ҟํੑΤωϧΪʔͷมԽʹΑͬͯ͜ىΔ͜ͱ͕෼͔ͬͨɻ
ਤ 6.38: DWlen ͱΤωϧΪʔͷؔ܎
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ਤ 6.39: ΔεΩϧϛΦϯͷΤωϧΪʔϚο͚͓ʹ֤ؒ࣌
ϓ (ܝ࠶) ਤ 6.40: ΔεΩϧϛΦϯͷDWlen͚͓ʹ֤ؒ࣌ Ϛοϓ
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Ίͨɻ݁ٻ΁ͷҠಈͷ৔߹ʹ͍ͭͯ΋ಉ༷ʹΤωϧΪʔϚοϓͱDWlenϚοϓΛ޲ɺH−extʹΑΔ+xํʹޙ࠷
ՌΛਤ ɻࣔ͢ʹ6.41,6.42
ਤ 6.41: H−ext ΛҹՃͨ͠৔߹ͷΤωϧΪʔϚοϓ
ਤ 6.42: H−ext ΛҹՃͨ͠৔߹ͷDWlen Ϛοϓ
H−ext ʹΑΔ +xํ޲΁ͷҠಈͷ৔߹ʹ͓͍ͯ΋ಉ༷ʹɺΤωϧΪʔϚοϓͷมԽͱڞʹεΩϧϛΦϯ͕Ҡಈ͠
͍ͯΔ͜ͱ͕֬ೝͰ͖ͨɻ·ͨΤωϧΪʔϚοϓͱDWlen Ϛοϓͷ૬ؔؔ܎΋֬ೝͰ͖ͨɻ
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6.4 ·ͱΊ
ΤϯθϧϑΟογϡϨʔετϥοΫʹ͓͚Δަྲྀ࣓քʹΑΔεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯΛ͍ߦɺͦͷ
༗ޮੑΛௐࠪͨ͠ɻ
ϨʔετϥοΫͷؾ࣓ҟํੑΛ࠯ܗ֯ࡾঢ়ʹ௿Լͤ͞ɺ໘௚ํ࣓ྲྀަʹ޲քΛҹՃͯ͠εΩϧϛΦϯΛҠಈ͞
ͤΔɻަྲྀ࣓ք͸ɺҐ૬ͷҟͳΔ̎छྨͷަྲྀ࣓քH+ext, H
−
ext ΛҹՃͨ͠ɻ
γϛϡϨʔγϣϯΑΓɺަྲྀ࣓ք̍पظΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯ͕௚ܘΛมԽͤ͞ͳ͕Β̍ͭྡͷϙδ
γϣϯʹҠಈ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖ͨɻ͜ͷͱ͖ͷεΩϧϛΦϯͷҠಈ଎౓͸ v = 11 m/sͰ͋ΓɺεΩϧϛΦ
ϯͷిྲྀۦಈʹ͓͍ͯిྲྀີ౓ j = 50 MA/cm2 ͱͨ͠৔߹ͷ଎౓ʹ͍ۙ஋Ͱ͋Δ͜ͱ͔Βಈ࡞଎౓͸े෼Ͱ͋
Δ͜ͱ͕ࣔ͞Εͨɻ·ͨަྲྀ࣓քͷҐ૬Λ൓స͢Δ͜ͱͰɺεΩϧϛΦϯͷҠಈํ͕޲มԽ͢Δ͜ͱ͕෼͔ͬͨɻ
͜ΕΑΓɺ؀ঢ়ϨʔετϥοΫʹ͓͚ΔεΩϧϛΦϯͷ྆ํ޲ҠಈͷՄೳੑ͕ࠦࣔ͞Εͨɻ͞ΒʹεΩϧϛΦϯͷ
ҠಈͷՄ൱͸ަྲྀ࣓քͷେ͖͞ʹґଘ͍ͯ͠Δ͜ͱ͕෼͔ͬͨɻ
ΊΔͨΊɺύϧε෯ٻքൣғΛ࣓Մೳ࡞ಈ͍޿ɺΑΓʹ࣍ tpɺଛࣦఆ਺ αɺྖܗ֯ࡾҬͷ xํ޲௕͞ Lxٴͼ y
௕͞޲ํ Ly ΛมԽͤ͞ͳ͕ΒεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯΛ͍ߦɺಈ࡞Մೳ࣓քൣғΛௐࠪͨ͠ɻ࠷΋
ಈ࡞Մೳ࣓քൣғ͕͘޿ͳΔ৚݅͸ Lx = 24 nmɺLy = 22 nmɺtp = 2.0 nsɺα = 0.3ͷ৔߹Ͱ͋Δ͜ͱ͕෼͔ͬ
ͨɻͦͷͱ͖ͷಈ࡞Մೳ࣓քൣғ͸ −xํ޲΁ͷҠಈ͕ 120 Oeɺ+xํ޲΁ͷҠಈ͕ 60 Oeͩͬͨɻ
ɺεΩϧϛΦϯΛʹ࣍ 5ͭ഑ஔ͠ɺεΩϧϛΦϯؒͷ࠷దڑ཭Λௐࠪͨ͠ɻྖܗ֯ࡾҬ 3ͭຖʹ഑ஔͨ͠৔߹͸
5ͭͷεΩϧϛΦϯશ͕ͯҰͭྡͷϙδγϣϯʹҠಈՄೳͰ͋Γɺ͜ͷͱ͖ͷه࿥ີ౓Λ͢ࢉܭΔͱɺ187 Gbit/in2
Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ͜ΕΑΓɺεΩϧϛΦϯͷ௚͕ܘD = 7 ∼ 8 nmͱͳΔΑ͏ͳࡐੑ࣓ྉΛ༻͍Δ͜ͱͰɺ
ͷࡏݱ HDDͱಉ౳ͷه࿥ີ౓Λ࣮ݱͰ͖Δ͜ͱ͕෼͔ͬͨɻ
࠯ܗ֯ࡾͣ·ɻͨ͠࡯ߟ͍ͯͭʹɺΤϯθϧϑΟογϡϨʔετϥοΫ্ͷεΩϧϛΦϯ͕Ҡಈ͢Δཧ༝ʹޙ࠷
ঢ়ʹؾ࣓ҟํੑΛมௐͨ͜͠ͱʹΑΓɺεΩϧϛΦϯ͕ଘ͢ࡏΔҐஔʹΑͬͯΤωϧΪʔ͕มԽ͢Δɻ͞Βʹަྲྀ
ʹখͱͳΔҐஔ͕ঃʑ࠷ͷมԽʹ൐͍ΤωϧΪʔ͕ܘมԽ͢Δɻ௚͕ܘքΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯͷ௚࣓
Ҡಈ͢Δɻ͜ͷΤωϧΪʔ࠷খҐஔͷมԽʹ൐͍ɺεΩϧϛΦϯ͕Ҡಈ͍ͯ͠Δͱ͑ߟΒΕΔɻ·ͨ͜ͷΑ͏ͳ
ΤωϧΪʔ࠷খҐஔͷมԽ͸ɺDWlen ʹΑΔؾ࣓ҟํੑΤωϧΪʔͷมԽʹΑͬͯ͜ىΔ͜ͱ͕෼͔ͬͨɻ
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ຊڀݚ͸εΩϧϛΦϯΛ༻͍ͨϨʔετϥοΫϝϞϦʹ͓͍ͯεΩϧϛΦϯͷҐஔ੍ޚΛ͏ߦ৽ͨͳख๏Λ̎
ͭఏҊ͠ɺϚΠΫϩϚάωςΟοΫγϛϡϨʔγϣϯΛ༻͍ͯ༗ޮੑΛݕ౼ͨ͠ɻ
·ͣγϛϡϨʔγϣϯͷଥ౰ੑΛݕ౼͢ΔͨΊʹ༧උ࣮ݧΛͨͬߦɻ1ݩ࣍ബບϞσϧΛ༻͍ͯ DMIʹΑΔڥ
ք΁ͷӨڹΛௐࠪ͠ɺγϛϡϨʔγϣϯ݁Ռͱઌߦ࿦จٴͼղੳղ͕Ұகͨ͜͠ͱΛ֬ೝͨ͠ɻ͞Βʹԁ൫ബບ
Ϟσϧʹ͓͚ΔεΩϧϛΦϯͷ௚ܘͱΤωϧΪʔΛௐࠪ͠ɺ͜Ε΋ઌߦ࿦จͱҰக͢Δ͜ͱΛ֬ೝͨ͠ɻΑͬͯ
ຊڀݚͰ༻͍ͨγϛϡϨʔγϣϯͷଥ౰ੑΛࣔ͜͢ͱ͕Ͱ͖ͨɻ
ఏҊख๏ͷ̍ͭ໨͸ؾ࣓ҟํੑͷมௐʹΑΔख๏Ͱ͋ΔɻϨʔετϥοΫ্ʹؾ࣓ҟํੑͷҟͳΔྖҬΛަޓ
ʹ഑ஔ͠ɺύϧεిྲྀʹΑͬͯҠಈͤ͞Δ͜ͱͰεΩϧϛΦϯͷҐஔ੍ޚΛ͏ߦɻؾ࣓ҟํੑͷมௐ͸ɺྫ͑͹Π
ΦϯরࣹΛ༻͍Δ͜ͱͰ࣮ݱͰ͖Δɻؾ࣓ҟํੑͷมௐ͸෺ཧతͳ੾Γ͖ܽ෦Λ࡞੒͢ΔΑΓ࣮͕ݱ༰қͰ͋Γɺ
଴͞ΕΔɻγϛϡϨʔγϣϯ݁ՌΑΓɺεΩϧϛΦϯ͕εϐϯిྲྀʹΑͬͯҠಈ͢Δ͜ظΔ͜ͱ্͕͢޲΋ੑ࢈ྔ
ͱ͕֬ೝͰ͖ͨɻ·ͨిྲྀΛ੾ͬͨޙɺεΩϧϛΦϯ͸ۙ͘ͷ௿Ku ྖҬͷத৺ (Ϗοτϙδγϣϯ)ʹ͔ͯͬ޲
Ҡಈ͢Δ͜ͱ͕෼͔ͬͨɻεΩϧϛΦϯͷϏοτϙδγϣϯ͕ݻఆ͞Εɺύϧε෯ʹଟগͷ͕ࠩޡੜͯ͡΋Ϗοτ
ϙδγϣϯʹࣗಈͰҠಈ͢Δ͜ͱ͔ΒɺఏҊख๏ʹΑΔҐஔ੍ޚͷ༗ޮੑ͕֬ೝͰ͖ͨɻ·ͨύϧε෯ tpͱిྲྀ
ີ౓ j ʹΑΔ੩ࢭҐஔͷมԽΛௐࠪ͠ɺిྲྀີ౓͸ 60 ≥ j ≥ 40 MA/cm2 นͷ࣓దͰ͋Δ͜ͱ͕෼͔ͬͨɻ࠷͕
৔߹ͷిྲྀີ౓ͱൺֱ͢ΔͱɺҠಈʹඞཁͳిྲྀີ౓ᮢ஋Λ໿ 33%௿ݮͰ͖Δ͜ͱ͕෼͔ͬͨɻ
͍ͨ༺ΔͨΊɺΤϯθϧϑΟογϡϨʔετϥοΫΛ͢ݱ΁ͷҠಈΛ࣮޲ɺ؀ঢ়ϨʔετϥοΫʹ͓͚Δ྆ํʹ࣍
ঢ়ʹ௿࠯ܗ֯ࡾҟํੑΛؾ࣓քʹΑΔεΩϧϛΦϯͷҠಈख๏ΛఏҊͨ͠ɻຊख๏Ͱ͸ɺϨʔετϥοΫͷ࣓ྲྀަ
Լͤ͞ɺ໘௚ํ࣓ྲྀަʹ޲քΛҹՃͯ͠εΩϧϛΦϯΛҠಈͤ͞ΔɻγϛϡϨʔγϣϯ݁ՌΑΓɺަྲྀ࣓ք̍पظ
ΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯͷ௚͕ܘมԽ͠ͳ͕Β̍ͭྡͷϙδγϣϯʹҠಈ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖ͨɻ͜ͷ
ͱ͖ͷεΩϧϛΦϯͷҠಈ଎౓͸ v = 11 m/sͰ͋ΓɺεΩϧϛΦϯͷిྲྀۦಈʹ͓͍ͯిྲྀີ౓ j = 50 MA/cm2
ͱͨ͠৔߹ͷ଎౓ʹ͍ۙ஋Ͱ͋Δ͜ͱ͔Βಈ࡞଎౓͸े෼Ͱ͋Δ͜ͱ͕ࣔ͞Εͨɻ·ͨަྲྀ࣓քͷҐ૬Λ൓స͢
Δ͜ͱͰɺεΩϧϛΦϯͷҠಈํ͕޲มԽ͢Δ͜ͱ͕෼͔ͬͨɻ͜ΕΑΓ؀ঢ়ϨʔετϥοΫʹ͓͚ΔεΩϧϛ
Φϯͷ྆ํ޲ҠಈͷՄೳੑ͕ࠦࣔ͞Εͨɻ͞ΒʹεΩϧϛΦϯͷҠಈͷՄ൱͸ަྲྀ࣓քͷେ͖͞ʹґଘ͍ͯ͠Δ
͜ͱ͕෼͔ͬͨɻ
ΊΔͨΊɺύϧε෯ٻքൣғΛ࣓Մೳ࡞ಈ͍޿ɺΑΓʹ࣍ tpɺଛࣦఆ਺ αɺྖܗ֯ࡾҬͷ x, yํ޲௕͞ Lx, Ly
ΛมԽͤ͞ͳ͕ΒεΩϧϛΦϯҠಈͷγϛϡϨʔγϣϯΛ͍ߦɺಈ࡞Մೳ࣓քൣғΛௐࠪͨ͠ɻ࠷΋ಈ࡞Մೳ࣓
քൣғ͕͘޿ͳΔ৚݅͸ Lx = 24 nmɺLy = 22 nmɺtp = 2.0 nsɺα = 0.3ͷ৔߹Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ·ͨ͜
ͷͱ͖ͷಈ࡞Մೳ࣓քൣғ͸ −xํ޲΁ͷҠಈ͕ 120 Oeɺ+xํ޲΁ͷҠಈ͕ 60 Oeͩͬͨɻ
Ҭྖܗ֯ࡾ഑ஔͨ͠৔߹ʹ͍ͭͯௐࠪͨ͠ɻݸɺεΩϧϛΦϯΛෳ਺ʹ࣍ 2ͭຖʹ഑ஔͨ͠৔߹͸εΩϧϛΦ
ϯಉ͕࢜൓ൃ͠ҠಈෆՄೳͰ͋Δ͜ͱ͕෼͔ͬͨɻྖܗ֯ࡾҬ 3ͭຖʹ഑ஔͨ͠৔߹͸ҠಈՄೳͰ͋Δ͜ͱ͕෼
͔ͬͨɻ·ͨ͜ͷͱ͖ͷه࿥ີ౓Λ͢ࢉܭΔͱɺ187 Gbit/in2 Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ͜ΕΑΓɺεΩϧϛΦϯ
ͷ௚͕ܘ D = 7 ∼ 8 nmͱͳΔΑ͏ͳࡐੑ࣓ྉΛ༻͍Δ͜ͱͰɺࡏݱͷ HDDͱಉ౳ͷه࿥ີ౓Λ࣮ݱͰ͖Δ͜
ͱ͕෼͔ͬͨɻ
࠯ܗ֯ࡾͣ·ɻͨ͠࡯ߟ͍ͯͭʹɺΤϯθϧϑΟογϡϨʔετϥοΫ্ͷεΩϧϛΦϯ͕Ҡಈ͢Δཧ༝ʹޙ࠷
ঢ়ʹؾ࣓ҟํੑΛมௐͨ͜͠ͱʹΑΓɺεΩϧϛΦϯ͕ଘ͢ࡏΔҐஔʹΑͬͯΤωϧΪʔ͕มԽ͢Δɻ͞Βʹަྲྀ
ʹখͱͳΔҐஔ͕ঃʑ࠷ͷมԽʹ൐͍ΤωϧΪʔ͕ܘมԽ͢Δɻ௚͕ܘքΛҹՃ͢Δ͜ͱͰεΩϧϛΦϯͷ௚࣓
Ҡಈ͢Δɻ͜ͷΤωϧΪʔ࠷খҐஔͷมԽʹ൐͍ɺεΩϧϛΦϯ͕Ҡಈ͍ͯ͠Δͱ͑ߟΒΕΔɻ·ͨ͜ͷΑ͏ͳ
ΤωϧΪʔ࠷খҐஔͷมԽ͸ɺDWlen ʹΑΔؾ࣓ҟํੑΤωϧΪʔͷมԽʹΑͬͯ͜ىΔ͜ͱ͕෼͔ͬͨɻ
ɺΤϯ౼ݕҟํੑΛ௿Լͤ͞Δׂ߹Λม͑ͨ৔߹ͷؾ࣓ͷల๬ͱͯ͠ɺ֤ख๏ʹ͓͚Δ೤҆ఆੑ΍ޙࠓʹޙ࠷
θϧϑΟογϡϨʔετϥοΫΛԠ༻ͨ͠࿦ཧճ࿏ͷఏҊ͕͛ڍΒΕΔɻ
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